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I.  INtuOuUCtIuN 

The  critical  investigation  of  the  mechanism  of  oxida¬ 
tion  of  metallic  surfaces  is  warranted  by  the  rapidity  of 
the  destruction  by  oxidation  of  man-made  metal  structures. 
Although  these  investigations  have  been  carried  out  for 
many  years,  oxidation  theory  is  still  in  a  rather  unsatis¬ 
factory  state,  with  only  a  few  theories,  applicable  to 
very  specific  conditions,  which  seem  to  be  valid.  These 
theories  have  assumed  that  a  continuous,  homogeneous  oxide 
film  was  formed  on  the  surface  initially,  and  that  the 
rate  of  further  oxidation  was  governed  by  the  ability  of 
the  reactants,  including  electrons,  to  travel  through 
this  layer  of  reaction  product.  These  theories  were  thus 
concerned  with  the  forces  which  influence  diffusion 
through  metal  oxides.  In  1951,  Bardolle  and  Benard  (l) 
showed  that  the  reaction  product  did  not  always  form  as 
a  continuous  surface  layer,  but  under  suitable  conditions 
formed  as  discrete  islands,  which  they  called  germs,  on 
the  surface  of  the  metal.  This  phenomenon  has  now  been 
observed  to  occur  on  several  metals  (Ag,  Cd,  Sn,  Fe,  Cu, 
Cu-Ni,  Mg)  under  a  wide  range  of  temperature,  pressure, 
and  oxidizing  specie*;. 

It  was  with  the  knowledge  of  the  wide  occurrence  of 
the  T)b<,nomenon  of  nucleacion  of  surface  oxides  that  this 
work  was  undertaken.  The  objective  of  this  research  was 


to  determine  the  mechanism  of  th^  low  pressure  thermal 
oxidation  of  copper,  from  an  investigation  of  l)  the 
oxide  and  metal  topography,  2)  the  structural  relation¬ 
ships  of  oxide  and  metal,  3)  the  kinetics  of  the  nuel ca¬ 
tion  and  growth  of  the  islands  of  reaction  product 
(nuclei).  The  system,  copper  plus  oxygen,  was  chosen 
for  study  for  two  main  reasons.  One  was  that  it  had 
recently  been  shown  that  nucleation  of  oxide  occurred 
on  copper  over  a  wide  range  of  easily  obtainable  condi¬ 
tions  (2,  3).  The  second  reason  was  that  cooper  had 
previously  been  used  for  oxidation  studies  in  this 
laboratory  and  techniques  had  been  developed  for  the 
preparation  and  handling  of  large  single  crystal  samples. 
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In  1951,  Bardolle  and  Benard  (l)  demonstrated  the 

process  of  oxide  nucleation  on  metal  surfaces  for  the 

first  time.  In  this  study,  oriented  oxide  nuclei  were 

obtained  on  iron  surfaces  at  temperatures  of  850°  C  and 

-3 

oxygen  pressures  on  the  order  of  10  torr.  It  was 
shown  also  that  crystal  face  played  an  important  role 
in  both  the  oxide  morphology  and  the  number  of  nuclei 
of  oxide  formed  per  unit  area. 

In  the  same  laboratory,  in  1955,  Grbnlund  (*»)  showed 
that  similar  results  could  be  obtained  on  copper.  Oxide 

nuclei  were  observed  to  form  at  temperatures  from  300°  C 

-3 

to  950°  C  in  oxygen  pressures  from  10  torr  to  1  torr. 
From  his  observations,  Grftnlund  (2)  divided  the  process 
of  oxidation  into  three  stages:  i)  induction;  2)  nuclea¬ 
tion;  3)  growth.  The  first  stage,  induction,  referred 
to  the  time  between  first  contact  of  the  metal  with 
oxygen  and  the  first  appearance  of  oxide  nuclei  on  the 
surface,  as  observed  with  che  optical  microscope.  At 
the  end  of  this  induction  period  many  nuclei  appeared 
on  the  surface  simultaneously,  representing  the  second 
stage  in  the  process,  nucleation.  The  number  of  these 
nuclei  per  unit  area  of  surface  remained  constant  with 
time  as  the  nuclei  grew  laterally  over  the  surface  with 
little  thickening,  until  the  surface  was  covered,  after 


which  the  oxide  began  to  thicken.  This  lateral  growth 
represented  the  third  stage  of  the  process.  Figures  ia, 
lb,  lc  show  some  of  the  important  characteristics  which 
were  observed  by  Grbnlund.  These  include: 

o 

1.  The  number  of  oxirle  nuclei/cm  was  a  function 
of  crystal  face. 

O 

2.  The  number  of  oxide  nuclei/cm**  was  greater  the 
lower  the  1 onp ciwtvre . 

2 

3.  The  number  of  oxide  nuclei/cm  was  less  the 
lower  the  pressure. 

4.  The  duration  of  the  induction  period  was  greater 
the  lower  the  pressure. 

Figure  id  shows  the  model  which  Grbnlund  used  to 
explain  his  observations.  In  this  model  the  first  step 
in  the  oxidation  process  was  the  formation  of  a  "primary 
oxide"  film  over  the  surface.  Oxide  nuclei  which  have 
preferred  epitaxial  relationships  with  the  metal  substrate 
grow  out  of  this  film.  It  was  suggested  that  these 
"secondary"  nuclei  grow  by  surface  diffusion  of  the 
"primary  oxide"  to  the  periphery  of  the  preferentially 
oriented  oxide  nuclei.  No  attempt  was  made  in  this  model 
to  define  the  diffusion  species  exactly;  however,  it  was 
indicated  that  both  the  oxygen  and  the  copper  atoms 
diffused  over  the  surface  to  the  nuclei.  The  nature  of 
the  "primary  oxide"  waa  not  described  by  Grbnlund; 
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(a>,(b),(c):  EXPERINCNTAL  RESULTS  ON  LOW  PRESSURE 
OXIDATION  OF  COPPER  BY  GRONLUND.  (2) 

(dh  TKC  MODEL  USED  BY  BERNARD  (5)  TO  EXPLAIN  THE  RESULTS 
OF  GRONLUND.  (REPRINTED  BY  PERMISSION  OF  J,  BERNARD) 


however.  B6nard  (5)  described  it  as  a  nolvcrvstalline 
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disoriented  oxide  film. 

Gr’dnlund's  model  postulated  the  concept  of  a  rndius 
of  Influence  associated  with  each  nuclei,  within  this 
radius  new  nuclei  did  net  form  because  diffusion  of  the 
"primary  oxide"  to  the  existing  nuclei  reduced  the 
probability  of  formation  of  additional  nuclei. 

With  the  use  of  the  approximation  that  the  radius 
of  influence  is  proportional  to  the  diffusion  constant 
for  surface  diffusion  of  the  "pi  .mary  oxide",  the  acti¬ 
vation  energy  was  determined  for  diffusion  on  the  major 
crystallographic  faces.  These  values  which  represent 
the  slope  of  an  Arrhenius  plot  of  the  logarithm  of  i.ie 
density  of  nuclei  versus  the  reciprocal  of  the  absolute 
temperature  are 


(ill) 

(100) 

(110) 

(311) 

8  kcal 

23  kcal 

10  kcal 

15  kcal 

In  the  work  of  Menzel  (6),  an  activation  energy 
value  of  13.2  kcal  for  the  surface  diffusion  of  copper 
in  the  presence  of  a  low  (  ^  10”**  torr)  oxygen  pressure 
was  obtained.  This  value  was  determined  for  an  orienta¬ 
tion  in  the  vicinity  of  the  (iiO)  face  by  annealing  of 
facets  and  is  in  agreement  with  Gr'dnlund's  value  for 
surface  diffusion  during  oxidation  on  the  (110)  face 
listed  in  the  above  paragraph.  This  agreement  would 


support,  the  contention  of  Rhead  (7)  that  the  con  t  i  l  .  ;  ■ 
process  in  termining  the  density  of  nuclei  is  the 
surface  diffusion  rate  of  copper. 

In  1957,  Harris,  Ball,  and  Gwathmey  (~)  reported 
the  occurrence  of  large  nuclei  «,ithin  a  thin  film  of  oxide 
when  copper  was  oxidized  at  150°  C  and  1  atm.  The  condi¬ 
tions  are  quite  different  from  the  above  experiments  but 
seem  to  indicate  that  the  nucleation  process  may  be 
important  even  at  atmospheric  pressure. 

In  this  regard,  Ilonnquist  (8)  studied  the  kinetics 
.he  initial  stages  of  the  oxidation  of  copper  in  the 
170®  -  500®  C  range  at  pressures  from  lO*”^  atn  to  1  atm. 

these  conditions  considerable  cupric  oxide  was 
formed  along  with  cuprous  oxide.  However,  according  to 
the  author,  nuclei  were  produced  and  the  kinetics  were 
. .  ..  i  to  obey  a  Qn  =  kt  law  in  which  Q  is  the  quantity 
of  oxide  formed  and  n  is  a  function  of  temperature  which 
varied  from  .6  at  470°  C  to  2.5  at  170°  C. 

G.  Van  Der  Schrick  (9)  studied  the  kinetics  of  the 
oxidation  of  copper  by  microbalance  techniques  under 
conditions  of  nucleation  and  continuous  film  formation 
on  polycrystalline  samples.  Although  most  of  this  work 
was  for  continuous  films  formed  at  high  oxygen  pressures, 
a  linear  oxidation  rate  law  was  observed  for  the  first 
few  yug  Og/cm  (l  /<  g  02/cm  =  150  A  Cu^O)  coverage  under 

nucleating  conditions.  G.  Van  Der  Schrick  (9)  also 


shewed  fro-  the  discrepancy  between  gravimetric  data  on 
the  uptake  of  oxygen  by  a  sample  and  the  electrometric 
reduction  of  oxide  on  the  surface  that  solution  of  oxygen 
into  the  metal  was  significant  under  conditions  for 
nucleation,  and  thus,  concluded  that  this  was  the  explana¬ 
tion  for  the  induction  period.  This  work  was  confirmed 
by  C.  Van  Der  Schrick  (10). 

A  discontinuous  oxide  was  observed  on  single  crystal 
copper  surfaces  as  early  as  1954,  by  Menzel  (ll).  In 
this  work  small  single  crystal  copper  hemispheres  were 
grown  by  assymetric  cooling  of  a  molten  copper  drop  on 
a  tungsten  ribbon.  These  samples  were  then  oxidized  in 
the  same  system  without  the  need  of  first  exposing  the 
copper  surface  to  a  foreign  atmosphere.  The  growth  and 
form  of  the  oxide  nuclei  which  grew  on  these  "untouched" 
surfaces  were  observed  continuously  by  an  optical  micro¬ 
scope.  The  results  of  these  studies  were  in  agreement 
with  the  observations  of  Grbnlund.  More  recent  work  by 
Menzel  and  Niederauer  (12)  showed  that  the  number  of 
nuclei  was  not  a  function  of  the  dislocation  density  of 
the  copper  substrate.  In  the  same  work,  it  was  demon¬ 
strated  that  the  shape  and  density  of  the  nuclei  were 
sensitive  functions  of  contaminants . 

Low  energy  electron  diffraction  has  been  used  to 
study  an  earlier  stage  of  the  oxidation  process  than 
was  possible  with  the  techniques  of  B€nard  and  Menzel. 


This  technique  has  been  used  by  Lee  (13),  and  Cimmons  (l't) 
to  examine  the  initial  stages  of  the  oxidation  of  copper. 
Both  groups  have  observed  an  adsorption  structure,  one 
layer  thick,  on  the  (100)  face  before  the  formation  of  a 
true  oxide  phase.  This  structure  has  a  coll  which  is 
based  on  the  underlying  copper  lattice  of  dimensions 

1  x  Cu  [I0fl|  by  2  x  Cu  (icxj  . 

This  structure  was  found  to  be  quite  resistant  to  further 
oxidation  at  room  temperature. 

A  more  complete  picture  of  the  early  stages  of  the 
oxidation  of  nickel  has  been  obtained  by  Farnsworth  and 
Madden  (15).  From  combined  low  energy  electron  diffrac¬ 
tion  and  phcto-electrie  work-function  measurements,  they 
postulated  that  on  a  clean  nickel  surface,  oxygen  is 
initially  adsorbed  as  0.^,  in  which  state  it  diffuses  to 
lattice  defect  sites  where  dissociation  occurs.  After 
sufficient  oxygen  atoms  have  accumulated  on  the  surface 
by  this  process,  a  place  exchange  occurs.  In  this  ex¬ 
change,  oxygen  atoms  occupy  some  nickel  sites  and  some 
of  the  nickel  atoms  are  moved  to  the  surface  in  a  simple 
periodic  manner.  With  continued  addition  of  oxygen  to 
this  structure,  it  develops  into  a  true  nickel  oxide. 

The  excellent  work  by  Orr  (16)  on  the  kinetics  of 
nucleation  of  oxide  on  magnesium  should  be  mentioned. 

He  found  that  when  oxygen  was  admitted  to  a  clean 


magnesium  surface  at  liquid  nitrogen  temperature,  the 
oxidation  rate  first  increased  and  then  decreased  with 
time.  This  phenomenon  was  explained  by  a  process  of 
nucleation  of  oxide  islands,  the  edges  of  whi'^h  were 
much  more  reactive  than  either  the  metal  surface  in 
between  oxide  islands  or  the  tops  of  the  oxide  islands. 

It  was  shown  that,  at  liquid  nitrogen  temperatures  where 
surface  diffusion  rates  are  insignificantly  small,  if 
oxidation  was  to  occur,  the  incoming  oxygen  molecule 
was  required  to  hit  the  surface  at  the  edge  of  the 
oxide  islands,  react  and  form  oxide  at  that  site. 

Others  who  have  observed  oxide  nucleation  and 
growth  on  systems  other  than  the  copper  oxygen  system 
are  Gulbransen,  Me  Millan  and  Andrew  (17)  on  iron; 

Martius  (18)  on  nickel;  Menzel  and  Menzel-Kopp  (19) 
on  silver;  Boggs,  Trozzo  and  Pellissier  (20)  on  tin; 
Bouillon,  Bouillon-Nyssen  and  Stevens  (21)  on  copper- 
nickel  alloys;  Bouillon  and  Jardinier  (22,23)  on  cadmium; 
and  Oudar  (2 A,  25)  on  sulfurization  of  copper.  Sufficient 
kinetic  data  has  not  been  obtained  for  any  of  these 
systems  to  extablish  a  model  for  oxide  nucleation  and 
growth . 
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III.  EXPERIMENTAL 
A.  Oxidation  Apparatus 

Two  different  vacuum  reactor  systems  were  used  in 
this  research.  These  will  be  designated  as  system  A, 
which  was  used  for  the  studies  on  spheres  and  thin  films, 
and  system  B,  which  was  used  for  the  studies  on  copper 
slices.  System  A  was  designed  to  give  samples  for  in¬ 
vestigation  by  electron  diffraction  and  microscopy, 
while  system  B  was  designed  to  give  oxidation  rate  data. 

1 .  System  A 

System  A  is  shown  in  the  photograph  in  Fig.  2a. 

The  pumping  system  consisted  of  a  50  liter/sec,  three 
stage,  oil  diffusion  pump  (A)  backed  by  a  rotary  mechani¬ 
cal  pump.  The  diffusion  pump  used  "Octoil-S"  in  the 
early  part  of  this  work.  Later,  however,  this  oil  was 
replaced  by  "Conval ex-10" .  There  was  no  noticeable  change 
in  the  oxidation  results  using  the  two  different  oils; 
however,  "Convalex-10"  gave  less  backs treaming  and  was 
thus  preferred  over  "Octoil-S".  The  diffusion  pump  was 
trapped  with  zeolite  (B)  which  was  baked  out  at  400°  C 
periodically.  The  pressure  above  the  trap  was  measured 
by  an  inverted  Bayard-Alpert  type  ionization  gauge  (C) 
and  a  Consolidated  Electrodynamics  Coip.  residual  gas 
mass  spectrometer,  type  2i-6l3.  A  Veeco,  5/8  inch 
stainless  steel  valve  (D)  with  teflon  seat  separated 
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( c) 


(d) 


FIGURE  2 

(a),  (b)  SYSTEM  A  AND  ITS  REACTION  VESSEL  .1ESPECTIVELY 

(c),(d)  SYSTEM  B  AND  ITS  REACTION  VESSEL  SHOWING 
POSITION  OF  PYROMETER 


I 


1  “ 

the  reaction  section  (E)  oi  the  system  from  the  diffu¬ 
sion  pump.  Ail  of  the  reaction  vessel  (Fig;  2b)  which 
was  heated  by  a  surrounding  resistance  furnace  was  made 
of  vycor  glass.  The  reaction  vessel  furnace  was  operated 
by  a  Minneapolis-lioneywell ,  0-1000°  C,  Pyr-O-Vane  con¬ 
troller.  The  thermocouple  for  the  controller  was  placed 
at  the  ton  of  the  inside  tube  of  the  reaction  vessel. 

As  a  check,  a  thermocouple  was  placed  inside  a  hole 
drilled  in  one  spherical  crystal  and  the  reaction  vessel 
top  was  modified  so  that  the  thermocouple  leads  could 
be  gotten  out  of  the  vacuum  system  and  to  a  potentiometer. 

The  two  thermocouples  gave  the  same  value  within  the 
ability  of  the  controller  to  regulate  ±  5°  C„  The 
remainder  of  the  system  was  composed  of  small  iioke  stain¬ 
less  steel  valves  (G)  for  gas  handling  and  an  ultra-high 
vacuum  leak  valve  ( F )  (Granville-Phillips ) ,  for  control¬ 
ling  the  oxygen  pressure.  A  Pirani  gauge  was  placed  as 

near  as  possible  to  the  reaction  chamber.  The  system 

_8 

was  regularly  pumped  to  2  x  10  torr  at  the  ionization 
gauge;  however,  with  the  mass  spectrometer  operating, 
pressures  were  generally  an  order  of  magnitude  higher. 

The  pumping  speed  at  the  sample  was  calculated  from 
pressure  drop  data  to  be  .73  liters/sec  at  the  crystal 
and  about  3  liters/sec  at  the  ionization  gauge  location. 

After  characterizing  the  gases  in  this  system,  the  mass 
spectrometer  was  permanently  installed  on  system  B,  An 


analysis  of  the  residual  gases  in  system  A  is  given 
in  the  section  on  experimental  procedures  (lll-C-i). 

2.  System  B 

System  B,  shown  in  Fig.  2c,  was  used  primarily  to 
obtain  kinetic  data.  It  was  of  the  bakeable  ultra-high 
vacuum  design.  During  bake-out  at  250°  C,  the  system 
was  pumped  through  a  Granvi lle-PUillips  type  "C" ,  ultra- 
high  vacuum  valve  by  an  oil  diffusion  pump  backed  by  a 
mechanical  pump.  After  bake-out,  the  system  was  valved 
off  from  the  diffusion  pump  and  pumping  continued  by  an 
8  liter/sec  Vaclon  sputter  ion  pump,  through  a  Varian 
l£  inch  bakeable  ultra-high  vacuum  valve.  Hydrogen  was 
admitted  through  a  Granvi 11 e-Phi Hips  type  "C"  valve  and 
oxygen  through  a  Granvi 11 e-Phi llips  leak  valve.  The 
system  was  also  equipped  with  a  Pirani  tube  for  accurate 
pressure  measurements.  This  Pirani  circuit  is  described 
below.  The  system  regularly  pumped  down  to  less  than 
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10  torr  after  bake-out  as  determined  by  the  ion  pump 
current . 

The  sample  was  heated  to  the  desired  temperature 
either  by  a  1  KW  (Lepel)  induction  heater  or  by  a  resist¬ 
ance  furnace.  The  temperature  of  the  sample  was  deter¬ 
mined  by  an  infra-red  pyrometer  (Infrared  Industries, 
TD-6)  when  using  the  induction  heater.  The  pyrometer 
was  coupled  to  the  induction  heater  so  that  the  sample 
temperature  was  automatically  controlled  to  *  2°  C.  To 


determine  the  sample  temperature  accurately,  the  emis- 
sivity  of  the  sample  and  the  effect  of  the  pyrex  flat 
through  which  the  pyrometer  saw  the  sample  had  to  be 
known.  Since  the  emissivity  for  copper  was  very  lov. , 
the  experimental  arrangement  shown  in  Fig.  2d  was  used. 

The  silver  coating  on  the  top  outside  of  the  reactor 
chamber  increased  the  apparent  emissivity  through  mul¬ 
tiple  reflections  between  tha  sample  and  the  silver 
mirror.  By  placing  a  thermocouple  in  a  dummy  copper 
sample  and  calibrating  the  pyrometer  against  the  thermo¬ 
couple,  an  effective  emissivity  of  .11  was  found  for 
this  geometry.  When  using  the  resistance  furnace,  the 
temperature  of  the  sample  was  determined  by  a  thermo¬ 
couple  placed  outside  the  vacuum  wall  opposite  the 
sample.  This  thermocouple  was  connected  to  a  Minneapolis- 
Honeywell  Pyr-O-Vane  controller  which  maintained  the 
desired  temperature. 

For  recording  pressure  changes  in  system  B,  a 
specially  designed  electronic  circuit  was  built  to 
operate  a  standard  glass  incased  Pirani  tube  (National 
Research  Corporation).  The  power  supply,  regulated  by 
a  zener  diode,  delivered  2.1  V  Du  to  a  Wheatstone  bridge 
network.  One  arm  of  the  bridge  contained  the  Pirani 
tube  and  another  arm  contained  a  variable  resistor  for 
balancing  the  bridge.  All  resistors  in  the  circuit 
had  minimum  temperature  coefficients.  A  high  impedenco, 


1  mv  full  scale  maximum  sensitivity  (Sargent)  strip 

obart  reoorder  was  used  to  Indicate  the  bridge  imbalance . 

* 

Calibration  of  the  Plrani  circuit  was  made  against 
two  different  Me  Lecd  gauges  and  a  sensitivity  ol 
3*7j  5  .1  volt/torr  for  oxygen  was  obtained  with  the 
Pirani  tube  envelope  at  room  temperature.  Using  the 
strip  chart  recorder  having  200  divisions  per  l  mv,  this 
gave  a  maximum  sensitivity  of  i.34  x  10“^  torr/div. 

There  was  some  drift  in  the  circuit  zero  which  was  traced 
to  temperature  fluctuations  of  the  Pirani  tube  envelope. 
The  Pirani  tube  envelope  could  be  immersed  in  an  ice  ' 
water  bath.  This  had  two  desirable  effects:  first, 
it  reduced  the  zero  drift;  and  second,  it  increased  the 
sensitivity.  However,  since  it  also  increased  the 
response  time  of  the  instrument,  for  this  work,  the  tube 
envelope  was  kept  at  room  temperature. 


11 .  sample  Preparation 


Three  different  types  oi'  single  crystal  samples 
were  used  in  this  work:  spheres,  slices,  nno  thin  films, 
all  made  from  American  Smelting  and  liefining  Cc .  99.9  99'* 
copper.  The  single  crystal  spheres  were  turned  on  a 
lathe  from  3/4  inch  single  crystal  rods  to  a  sphere 
5/8  inch  in  diameter,  generally  with  two  fiat  areas  3/8 
inch  in  diameter  of  a  particular  crystallographic  ori  n- 
tation,  and  with  a  stem  1/2  inch  long  and  1/4  inch  in 
diameter.  These  samples  were  etched  in  a  5o^>  nitric 
acid,  5 *0  hydrochloric  acid  solution  to  remove  the  coiu 
worked  surface  layer.  The  orientation  of  the  flat  areas 
on  the  spheres  were  then  examined  by  Laue  back  reflection 
x-ray  diffraction.  Any  faces  found  to  he  off  of  the 
desired  orientation  by  more  than  two  degrees  were  cor¬ 
rected  by  additional  machining  and  repetition  of  the 
etching  procedure.  (26) 

Single  crystal  slices,  VI 6  inch  thick  and  •>  /  *•  inch 
in  diameter,  were  likewise  cut  from  the  3/4  inch,  u(>,()99r’- 
rods,  and  a  small  hole  was  drilled  off  center  in  the 
samples.  These  samples  were  then  glued  to  the  head  of 
an  acid  polishing  wheel  of  Young's  design  (27)  and  the 
surface  was  polished  down  l/lb  inch.  The  glue  was  then 
dissolved  and  the  slice  remounted,  and  1/16  inch  was 
removed  from  the  other  side.  This  gave  a  slice,  l/l6 
inch  thick  which  showed  no  evidence  of  deformation  in 


the  back  reflection  Laue  X-ray  diffraction  photo¬ 
graphs. 

The  thin  film  samples  were  prepared  by  evaporation 
of  cop*,  er  j  rom  a  tungsten  basket  onto  a  freshly  cleaved 
(100)  rock  alt  substrate  heated  to  330°  C  in  a  Varian 
400  liter/sec  vacuum  evaporator  at  a  pressure  of  less 

than  10"7  torr.  This  gave  continuous  (100)  oriented 

°  o  . 

films,  500  A  to  1000  A  thick.  (Fig.  3a,  3b)  The  majority 

of  these  samp3es  were  oxidized  while  on  the  salt  substrate 

with  no  additional  preparation  given  them.  A  few  films 

were  removed  from  the  rocksalt  by  floating  onto  distilled 

water.  These  films  were  then  mounted  on  copper  electron 

microscope  grids  for  oxidation. 


(b) 


FIGURE  3 

(100)  COPPER  THIN  FILM  AS  GROWN 

(a)  Transmission  electron  micrograph 

(b)  Transmission  electron  diffraction  pattern 
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c •  Experimental  Procedure 
1 .  System  A 

Single  crystal  spheres  for  oxidation  in  system  A 
were  originally  prepared  and  polished  as  described  in 
the  preceding  section.  Prior  to  an  oxidation,  a  sphere 
was  polished  using  l/o  through  4/0  metallographic  emery 
paper  followed  by  a  final  mechanical  polish  with  1  /* 
alumina  on  a  wet  felt  polishing  cloth.  This  mechanical 
polishing  treatment,  which  gave  the  surface  a  mirror 
finish,  was  followed  by  an  electropolish  in  a  65/o  ortho- 
phosphoric  acid  bath  after  the  method  of  Jacquet  (23). 

The  polishing  conditions  w ere  modified  somewhat  in  that 
the  bath  was  heated  to  approximately  50°  C  and  stirred 
by  a  magnetic  stirrer  as  vigorously  as  possible  without 
drawing  air  bubbles  into  the  polishing  solution  at  the 
vortex.  These  modifications  allowed  the  bath  to  operate 
at  higher  voltages  8  V  DC)  and  current  densities 
('■v/  ,1  amp/cm  )  than  could  have  otherwise  been  obtained 
without  producing  gas  on  the  sample  surface.  These  modi¬ 
fications  permitted  a  considerable  reduction  in  the  time 
necessary  to  remove  a  specific  amount  of  copper  from  the 
sample  without  affecting  the  quality  of  the  polish. 

After  electro-polishing,  the  sample  was  washed  in  10^ 
orthophosphoric  acid  for  30  seconds  and  then  in  high 
purity  distilled  water  for  5  minutes  or  18  megohm  demin¬ 
eralized  water  for  10  minutes.  The  sample  was  then 
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blown  dry  in  a  stream  of  dry  nitrogen  and  placed  in 
the  vacuum  reactor  system. 

Often  it  was  not  necessary  to  do  any  additional 
mechanical  polishing  between  experiments.  In  these 
cases,  after  examination  in  one  experiment,  the  sample 
was  electropolished  for  5  minutes  in  the  phosphoric 
acid  bath,  washed,  and  dried  as  described  above. 

After  drying,  the  crystal  was  placed  in  the  reaction 
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vessel  which  was  then  evacuated  to  10  torr  or  better, 
flushed  with  hydrogen  (Matheson  Co.,  Ultra  High  Purity 
grade  99*999£)  and  refilled  to  one  atmosphere  with  hydrogen. 
Then,  with  a  flow  of  hydrogen  of  approximately  20  cc  per 
minute,  the  crystal  was  heated  to  500°  C  if  the  planned 
oxidation  was  to  be  carried  out  at  a  temperature  of  500°  C 
or  lower.  However,  if  the  oxidation  were  to  be  carried 
out  at  a  higher  temperature  than  500°  C,  the  crystal  was 
heated  to  that  higher  temperature  in  flowing  hydrogen. 

The  crystal  was  usually  annealed  for  one  hour  in  the 
hydrogen  flow,  although  in  some  experiments  the  time  was 
as  short  as  ten  minutes  and  in  others  as  long  as  24  hours. 

This  variance  appeared  to  have  no  effect  on  the  results 
obtained.  If  the  oxidation  were  to  be  carried  out  at 
less  than  500°  C,  the  crystal  was  cooled  in  flowing 
hydrogen  to  the  oxidizing  temperature.  After  a  15 
minute  wait  to  permit  Miermal  equilibrium  to  be  obtained, 
the  system  was  pumped  out  and  the  crystal  annealed  in 
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a  vacuum  of  10”^  torr  or  less  in  the  case  of  low  tem¬ 
perature  oxidations.  It  was  observed  in  this  system 
that  with  crystals  above  500®  C,  it  took  progressively 
longer  times  to  obtain  the  same  pressure  during  annealing 
for  progressively  higher  temperatures.  The  time  of 
vacuum  annealing,  which  was  varied  from  l/2  hour  to  2k 
hours,  was  not  observed  to  affect  the  results  obtained 
in  system  A.  A  sample  mass  spectrograph  analysis  of 


composition 

during 

outgas  is  listed 

below: 

n2  +  CO 

35% 

A 

.5% 

h2o 

35% 

co2 

.1% 

H2 

20% 

hydrocarbons 

.05% 

°2 

10% 

After  the  vacuum  annealing  period,  oxygen  was  leaked 
into  the  reaction  vessel  while  continuing  to  pump  the 
vessel.  In  this  way,  a  constant  flow  of  pure  oxygen 
could  be  maintained. 

In  the  earlier  experiments,  tank  oxygen  purified 
through  a  silver  leak  was  admitted  to  the  reaction 
vessel  through  the  leak  valve.  In  later  experiments, 
oxygen  from  Matheson  Co.  reagent  grade  1  liter  glass 
flasks  was  used  in  place  of  the  silver  leak  purified 
oxygen.  The  oxygen  from  these  two  sources  was  of  at 
least  99.9%  purity;  however,  desorption  from  the  system 
walls  resulted  in  considerably  less  pure  oxygen  in  the 


reaction  vessel.  A  typical  nass  spectrograph  analysis 
of  the  oxidizing  atmosphere  was  found  to  be: 
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C02 
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1 

. 0 % 
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To  stop  a  reaction,  the  oxygen  supply  was  cut  off 
and  the  furnace  removed  from  around  the  reaction  vessel. 

In  some  experiments  the  crystal  was  allowed  to  cool  in 
vacuum.  In  other  experiments,  as  soon  as  the  oxygen 
was  pumped  out,  the  valve  to  the  pump  was  closed  and 
Matheson  research  grade  helium  was  admitted  to  a  pressure 
of  2  -  5  torr.  A  blast  of  cool  air  was  then  directed 
through  the  hollow  center  tube  of  the  reactor.  The  helium 

was  admitted  to  the  reaction  vessel  to  improve  the  thermal- 
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contact  between  the  reactor  walls  and  the  crystal,  and 
the  blast  of  air  helped  carry  the  heat  away  from  the  re¬ 
actor  walls.  This  procedure  yielded  a  cooling  rate  of 
approximately  100°  C  per  minute  at  400°  C  compared  to  a 
rate  of  7°  C  per  minute  in  vacuum. 

After  cooling,  the  system  could  be  filled,  if 
desired,  with  dry  nitrogen  to  atmospheric  pressure  and 
the  crystal  removed  for  examination  by  electron  diffrac¬ 
tion.  (See  section  on  surface  examination.) 


2.  System  B 

Single  crystal  slices  prepared  as  described  in 


Section  B  above  were  electropoliched ,  washed,  dried,  and 
polished  in  the  same  manner  as  the  spheres.  They  were 
then  placed  on  a  pyrex  frame  which  was  positioned  in  the 
end  of  the  reaction  vessel  below  the  silver  mirror.  The 
reaction  vessel  was  bolted  to  the  system  which  was  then 
evacuated  via  the  oil  diffusion  pump  and  baked  at  2'50°  C 
for  four  hours  by  lowering  a  large  hood,  which  contained 
electric  heaters,  over  the  entire  system.  After  baking, 
the  hood  was  raised,  the  ion  pump  started,  and  the  system 
closed  off  from  the  diffusion  pump.  When  the  system  had 
cooled  to  room  temperature  and  reached  a  pressure  of  less 
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than  5  x  10  torr,  the  sample  was  heated  by  the  induction 
heater  and  given  a  hydrogen  anneal  and  outgas  treatment. 
The  hydrogen  anneal  and  heat  treatment  before  oxidation 
wrro  found  to  affect  the  results  and  several  different 
procedures  were  used  in  an  attempt  to  determine  the 
cause.  (See  Sec.  IV«-A.)  After  the  annealing  treatment, 
the  sample  was  allowed  to  cool  to  room  temperature.  The 
ion  pump  was  then  closed  off  from  the  system  and  approxi¬ 
mately  10-3  torr  of  oxygen  admitted  to  the  reaction  vessel 
by  opening  the  leak  valve  momentarily.  This  gas  was 
partially  adsorbed  by  the  walls  of  the  system,  causing 
the  pressure  in  the  system  to  decrease.  The  process  of 
this  adsorption  could  be  followed  and  recorded  by  the 
Pirani  circuit  and  strip  chart  recorder.  If  necessary, 
additional  samples  of  oxygen  were  admitted  to  maintain 


the  pressure  at  the  desired  value. 

After  approximately  1  hour,  the  system  walls  appar¬ 
ently  became  saturated  with  oxygen  and  ceased  to  adsorb 
gas.  The  system  was  then  evacuated.  It  was  found  that 
pumping  alone  would  not  remove  this  gas  from  the  walls, 
since  when  gas  was  readmitted,  no  further  adsorption 
recurred.  If  the  system  were  rebaked,  however,  the  walls 
would  again  adsorb  gas.  This  saturation  of  the  walls 
was  necessary  so  that  when  the  oxidation  of  the  copper 
sample  was  started  the  results  would  not  be  complicated 
by  the  adsorption  of  gas  by  tb"  -’vstem  walls. 

After  the  system  had  equ ax.*  ..-z'axed  and  the  excess 
gas  was  pumped  out  with  the  ion  pump,  the  sample  was 
reheated  to  600°  C  and  then  cooled  to  the  temperature 
of  the  oxidation.  The  ion  pump  was  again  closed  off 
from  the  system  and  the  oxidation  started  by  admitting 
a  quantity  of  oxygen  via  the  leak  valve  to  bring  the 

pressure  to  the  desired  value  as  indicated  by  the  Pirani 
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circuit  recorder.  1/hen  the  pressure  had  dropped  to 
approximately  50 %  of  its  original  value  because  of  oxygen 
take-up  by  the  sample,  more  oxygen  was  admitted  via  the 
leak  valve  to  bring  the  pressure  back  to  its  original 
value.  A  typical  pressure  vs.  time  plot,  as  taken  from 
the  recorder,  is  shown  in  Fig.  4.  This  process  was 
continued  for  the  duration  of  the  experiment.  Occasion¬ 
ally,  all  of  the  gas  was  pumped  from  the  system  by 


momentarily  opening  the  valve  to  the  ion  pump.  This 
action  was  taken  to  remove  any  impurity  gases  which 
could  have  accumulated  in  the  reaction  vessel.  Oxygen 
was  immediately  reintroduced  to  the  reaction  vessel  on 
closure  of  the  ion  pump  valve.  Since  the  oxidation  rate 
remained  at  its  previous  value  when  oxygen  was  again 
readmitted  to  the  system,  it  was  concluded  that  no  large 
amounts  of  impurity  gases  had  collected  and  that  the 
momentary  (30  sec)  stopping  of  the  oxidation  did  not 
change  the  final  results. 

The  strip  chart  recorder  made  a  permanent  record 
-'f  the  system  pressure  during  the  entire  experiment  and 
from  this  record  the  oxidation  kinetics  could  be  obtained. 
After  the  sample  had  oxidized  a  desired  amount,  the  oxygen 
remaining  was  pumped  out  and  the  sample  allowed  to  cool 
in  vacuum. 

In  some  experiments,  the  sample  temperature  was 
suddenly  changed  over  a  temperature  range  of  ±  50°  C. 

It  required  only  one  or  two  seconds  to  increase  the  sample 
temperature  50°  C,  but  generally  about  a  minute  to  cool 
the  sample  the  same  amount.  This  technique  was  used  for 
obtaining  oxidation  rate  measurements  as  a  function  of 
temperature.  It  had  the  advantage  that  the  measurements 
were  obtained  from  the  same  sample  in  the  same  surface 
condition.  However,  there  appeared  to  be  a  slight 
hysteresis  effect  in  the  oxidation  rate  when  the  tem¬ 
perature  was  changed  by  larger  amounts  and  the  technique 


wa a  used  primarily  as  a  check  on  data  accumulated  from 
more  than  one  experiment. 
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D.  Surface  Examination 
i •  Electron  Diffraction 

The  first  examination  of  the  surface  after  an  oxidized 
sample  had  cooled  was  usually  made  by  glancing  angle  high 
energy  (100  KV)  electron  diffraction.  When  the  conditions 
of  oxidation  were  such  as  to  give  little  or  possibly  no 
true  oxide  on  the  sample,  the  sample  was  transferred  in 
a  nitrogen  atmosphere  from  the  reaction  vessel  to  the 
diffraction  apparatus.  When  it  was  known  that  the  oxida¬ 
tion  had  produced  considerable  oxide  on  the  sample  surface, 
the  sample  was  transferred  in  air.  In  either  case,  the 
time  necessary  to  transfer  a  cooled  sample  from  one  appa¬ 
ratus  to  the  other  was  less  than  1  minute.  Diffraction 
patterns  woe  photographed  in  major  crystallographic 
directions  at  various  angles  of  tilt.  Prom  this  informa¬ 
tion,  the  epitaxial  relationships  of  the  oxide  to  the 
metal  could  be  obtained.  Also,  examination  by  electron 
diffraction  served  as  a  sensitive  check  for  contamination. 

i 

If  a  contaminant  was  present  on  the  surface  in  sufficient 
quantity,  it  could  be  identified  from  its  diffraction 
pattern.  Usually  sufficient  contaminant  was  not  present 
to  produce  a  diffraction  pattern.  However,  the  presence 
of  a  contaminant  could  still  be  detected  because  it  would 
cause  unusual  epitaxy  in  the  oxide  which  could  be  observed. 

2.  Optical  Microscope 

After  electron  diffraction  examination,  the  crystals 


were  examined  optically  with  a  Bausch  and  Lomb  Balphot 
Mctallograph.  When  nuclei  or  other  features  were  large 
enough  to  resolve  clearly,  optical  photographs  were  taken 
of  the  surface.  Often,  however,  the  rurfaee  was  too 
smooth  to  focus  upon  and  higher  resolution  microscopy 
was  necessary. 

3.  Electron  Microscopy 

In  order  to  obtain  higher  resolution  photographs 
of  the  surface  features  than  were  possible  with  optical 
microscopy,  a  platinum  shadowed  carbon  replica  technique 
was  used  to  obtain  suitable  samples  for  examination  in 
the  electron  microscope.  Three  different  replication 
techniques  were  used  in  this  work.  In  the  earlier 
experiments,  platinum  was  preshadowed  from  a  kO  mil 
tungsten  filament  onto  the  copper  specimen  at  a  20° 
incident  angle.  This  was  followed  by  the  evaporation 
of  carbon  onto  the  sample  at  a  high  incident  angle. 

This  replica  was  then  removed  from  the  copper  by  a  10% 
ammonium  persulfate,  2%  ammonium  hydroxide  solution  which 
slowly  dissolved  the  underlying  copper  oxide  and  copper. 
Because  of  the  slowness  of  the  ammonium  persulfate 
stripping  solution,  a  second  technique  was  developed 
which  ustd  a  2 fc  potassium  cyanide  solution  for  removing 
the  replica.  However,  the  cyanide  solution  attacked 
the  platinum  shadowing  material  and  the  resolution  of 
the  replica  was  not  good.  To  remedy  this  difficulty, 
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the  platinum  was  shadowed  onto  the  sample  alter  some 
of  the  carbon  had  been  depositee  and  then  the  rest  of 
the  carbon  was  applied.  In  the  final  stages  of  this  work, 
a  third  technique  was  used  in  which  the  platinum  was 
deposited  simultaneously  with  carbon  from  commercially 
prepared  platinum  impregnated  carbon  pellets.  This  was 
followed  by  an  additional  layer  of  carbon  deposited  at 
a  high  angle  as  in  the  two  earlier  methods.  These 
changes  were  made  in  the  replication  technique  as  a 
matter  of  convenience  and  to  save  time.  All  three  of 
the  techniques  appeared  to  give  identical  resolutions. 

The  electron  microscope  used  for  these  studies  was 
an  RCA  EMU-3B  with  double  condeuser.  A  50  KV  electron 
beam  was  used  for  all  replica  work;  however,  the  oxidized 
copper  thin  films  were  examined  directly  using  100  KV 
electrons. 

h .  Electrometric  Reduction 

A  large  percentage  of  the  samples  upon  which  kinetic 
measurements  had  been  made  were,  after  cooling,  electro- 
metrically  reduced  by  a  method  first  developed  by  Evans 
and  Miley  (29)  and  improved  by  Allen  (30).  This  was 
done  as  a  check  on  the  amount  of  oxygen  taken  up  by  the 
sample  and  in  an  attempt  to  measure  any  solution  of  oxygen 
into  the  sample  which  might  have  occurred.  A  de-oxygenated 
solution  of  .1  N  KC1  in  distilled  water  was  used  as  the 
electrolyte  and  a  current  density  of  .1  milliamperes 


per  square  centimeter  was  used  to  reduce  the  oxide.  A 
reference  electrode  was  connected  to  a  Keithley  electro-* 
meter  and  the  output  from  the  electrometer  fed  into  a 
strip  chart  recorder  which  thus  plotted  the  reduction 
curve . 

5.  Interferometer 

A  Zeiss  interferometer  was  used  to  obtain  the 
profile  of  the  surface  across  an  oxide  nucleus.  A 
difference  of  elevation  of  two  adjoining  surfaces  of  as 

O 

little  as  300  A  could  be  detected  with  this  instrument 
by  measuring  the  displacement  of  interference  fringes 
on  the  surface.  This  surface  profile  was  used  to  comple¬ 
ment  the  data  obtained  from  shadow  measurements  on 
replicas  in  the  electron  microscope. 

6.  Isolation  of  Oxide  Nuclei  from  Copper  Substrate 

A  method  of  isolating  the  copper  oxide  nuclei  from 
the  copper  substrate  without  apparent  attack  on  the 
nuclei,  which  was  developed  by  Beck  and  Pryor  (3l)»  was 
used  in  this  work  on  several  occasions.  It  was  used  to 
isolate  the  surface  oxide  from  the  copper  metal  for 
direct  observation  in  the  electron  microscope.  The 
system  required  absolutely  anhydrous  conditions  and  the 
"stripping"  was  thus  performed  in  a  closed  system. 
Methanol  was  used  as  the  solvent  and  ammonium  acetate 
as  the  complexing  agent  which  dissolved  the  underlying 


copper  without  attacking  the  oxide.  If,  however,  any 
water  was  present,  the  oxide  was  also  dissolved.  Before 
"stripping"  the  nuclei  from  the  surface  of  the  sample, 
a  carbon  film  was  evaporated  onto  the  sample  to  support 
the  nuclei  after  they  were  removed  from  the  metal. 

This  also  had  the  advantage  that  it  gave  a  faint  replica 
of  the  nuclei  before  they  were  placed  in  the  solution. 
Thus,  if  any  attack  on  the  nuclei  had  occurred  duving 
stripping  which  changed  the  size  of  the  nuclei,  it  could 
be  detected  when  the  stripped  samples  were  examined  in 
the  electron  microscope. 
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IV.  RESULTS 
A.  History  of  Sample 

The  previous  history  of  the  copper  samples  to  be 
oxidized  was  found,  to  be  an  important  variable  in  this 
work.  This  appeared  to  be  due  primarily  to  the  solu¬ 
bility  of  various  gases  in  copper.  In  system  A,  the 
high  ultimate  pressure,  as  compared  to  system  B,  coupled 
with  the  hot  reaction  vessel  walls  made  detection  of  gas 

solution  in  the  sample  impossible.  However,  in  system  B, 

-o 

with  an  ultimate  pressure  of  less  than  10  torr  and  the 
capability  of  rapid  heating  of  only  the  sample,  the 
evolution  of  dissolved  gases  was  readily  observable. 

Copper  samples  that  had  been  previously  oxidized 
at  a  high  temperature  were  re-electropolished  and  re¬ 
placed  in  system  B  for  the  next  experiment.  These  samples, 

-*8 

when  heated  to  600°  C  in  a  vacuum  of  less  than  10  torr., 
evolved  no  measurable  amount  of  gas.  If  such  a  sample 
was  then  annealed  at  600°  C  in  a  few  torr  of  hydrogen  for 
a  few  minutes  and  the  reactor  again  puraped-out,  large 
quantities  of  water  vapor  were  evolved  from  the  sample 
along  with  hydrogen  gas.  The  quantity  of  water  vapor 
was  so  large  that  its  adsorption  on  the  system  walls 
prevented  the  previous  low  pressure  from  being  obtained 
until  after  the  entire  system  had  been  rebaked.  After 
baking,  a  repeat  of  the  hydrogen  anneal  and  outgassing 
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gave  only  hydrogen  and  little  or  no  detectable  water 

vapor.  The  rapid  pumping  of  hydrogen  by  the  ion  pump 

permitted  pressures  of  10  torr  to  be  obtained  as  soon 

as  the  sample  was  allowed  to  cool  without  rebaking  the 

system.  At  600°  C  the  dissolution  rate  of  hydrogen  from 

a  saturated  sample  was  quite  rapid,  being  initially  about 
-4/2 

10  /'g/cm  sec.  It  required  about  1/2  hour  of  outgassing 
at  600°  C  to  reduce  the  dissolution  rate  of  the  dissolved 

n  g 

hydrogen  to  4  x  10~yig/cm  sec.  The  dissolution  rate  was 
found  to  change  by  about  a  factor  of  two  for  a  25°  C 
temperature  change.  However,  temperatures  greater  than 
600°  C  were  not  normally  used  for  outgassing  because  of 
the  evaporation  of  the  sample.  For  cinetic  work  in 
system  B,  the  samples  were  outgassed  to  this  extent  but 
samples  in  system  A  could  never  be  outgassed  to  such  a 
low  value. 


B.  Induction  Period 


The  period  of  time  after  oxygen  was  admitted  to  a 
clean  outgassed  copper  surface,  and  before  an  oxide  phase 
was  detectible  by  glancing  angle  electron  diffraction, 
is  referred  to  as  the  induction  period.  This  induction 
period  was  found  to  be  a  function  of  temperature,  pressure, 
and  crystal  face.  Figure  5  shows  the  effect  of  tempera¬ 
ture  on  the  duration  of  the  induction  period  for  the  (ill) 
face  in  System  A.  For  a  given  temperature,  it  was  found 

that  the  induction  period  was  inversely  proportional  to 
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the  oxygen  pressure  in  the  range  of  10  to  2  x  10  torr. 
In  the  initial  experiments  in  system  A,  it  was  found  that, 
at  pressures  below  approximately  10  torr,  an  oxide 
phase  did  not  occur  on  the  surface  regardless  of  the 
length  of  time  of  the  "oxidation".  In  System  B,  it  was 
found,  however,  that  nucleation  occurred  at  pressures 
below  10“6  torr.  This  was  taken  as  an  indication  that 
the  residual  gases  of  system  A  reduced  the  oxide  as  fast 
as  it  formed  at  oxygen  pressures  of  less  than  10”**  torr. 

The  induction  period  was  found  to  be  shorter  for 
the  high  index  planes  regardless  of  the  conditions  of 
temperature  and  pressure.  Figure  6  shows  a  sphere  oxi- 
dized  at  800°  C  at  10  torr  which  is  nucleated  on  the 
higher  index  planes  but  not  yet  nucleated  on  the  <ill_> 
and  <i00>  poles.  The  order  of  appearance  of  nuclei  on 
the  major  crystallographic  planes  from  the  earliest  to 
the  last  was  (311);  ( 1 10 ) ;  (ill);  (100). 


FIGURE  6 

OPTICAL  MICROGRAPH  OF  A  5/8  INCH  SPHERE  SHOWING 
VARIATION  OF  INDUCTION  PER I CD  WITH  ORIENTATION 


C .  Morphology  and  Epitaxy 

The  lateral  shape  (morphology)  and  orientation 
(epitaxy)  of  the  oxide  nuclei  on  a  crystal  face  is 
governed  by  the  surface  and  interfacia]  energies  involved 
and  the  mechanism  of  growth.  The  configuration  which 
is  obtained  is  the  lowest  energy  configuration  compatible 
with  the  method  of  growth.  Because  of  the  symmetry 
relationships  of  the  substrate  and  the  oxide,  more  than 
one  orientation  is  often  obtained,  all  of  which  are 
cruivalent  from  the  interfacial  energy  viewpoint.  At 
this  time,  information  about  the  factors  determining 
interfacial  energies  is  insufficient  to  allow  a  com¬ 
parison  of  experimental  results  with  theory.  For  this 
reason,  this  work  is  limited  to  reporting  the  morphology 
and  epitaxy  observed, 

1 .  (ill)  Face 

On  a  clean  (ill)  face  oxidized  above  250°  C,  two 
equivalent  orientations  of  oxide  nuclei  were  formed,  a 
parallel  orientation  and  an  anti-parallel  orientation 
in  which  the  QlToj  metal  axis  was  parallel  to  the  flio] 
oxide  axis.  Both  of  these  orientations  appeared  as 
triangular  nuclei  on  the  surface.  This  is  apparent  in 
Fig.  7.  The  two  orientations  were  dis tinguishah '  •  from 
each  other,  however,  in  th.^t  one  appeared  rotate-  J0° 
on  the  surface  with  respect  to  the  other  orientation. 
Another  morphological  feature  was  that  nuclei  of  one  of 


FIGURE  7 

OXIDATION  OF  (111)  FACE  OF  CU  P  =  10pO2  "  EFFECT  OF  TEMP. 
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the  orientations  grew  much  higher  than  the  other  and 
that  nuclei  with  this  orientation  grew  at  the  expense 
of  the  other.  The  taller  nuclei  were  found  from  electron 
diffraction  to  show  the  parallel  orientation  while  the 
other  orientation  was  anti-parallel.  Below  250°  C  the 
parallel  oxide  orientation  was  not  observed. 

Although  the  density  of  nuclei  decreased  and  their 
size  increased  with  increasing  temperature,  the  nuclei 
retained  their  general  features  (Fig.  7).  With  time, 
however,  the  nuclei  with  a  parallel  orientation,  which 
started  growth  as  regular  triangles,  tended  to  become 
quite  dendritic  in  character  (Fig.  8)  apparently  because 
of  multiple  twinning  of  the  oxide  and  the  presence  of 
neighboring  oxide  nuclei. 

2.  (001)  Face 

On  the  (001)  face  there  occurred  four  equivalent 
orientations  of  oxide  nuclei  with  the  (ill)  Cu20 1(  (OOi)  Cu. 

The  following  axial  relationships  were  determined: 

flto]  Cu20  jj  [lTo]  Cu 

filq]  cu2o  jj  [IiqI  cu 

[no]  Cu20  ||  [lTo]  Cu 

[no]  cu2o  ||  [TioJ  cu 

These  nuclei  grew  as  right  triangles,  each  triangle 

having  its  hypotenuse  parallel  to  a  <110>  direction 
in  the  (OOi)  plane  of  the  metal.  Nuclei  of  this  type 


EFFECT  OF  TIME  -  MlCROGR\PHS  -  (Ill)  CU  -  T  =  400°C  P  =  10M 0 


•  shown  in  Fi/?s.  9a  and  9b. 

At  temperatures  above  600°  C  and  pressures  of 

_o 

approximately  10  “  torr,  another  shape  oxide  nucleus  was 
observ3d  along  with  the  low  temperature  form.  These 
nucleit  as  seen  in  Figs.  10a  and  10b,  consisted  of  four 
rods  growing  with  their  long  axis  in  the  <710^  direction 
from  a  common  point.  However,  the  rods  were  not  connected 
at  this  point  but  left  a  low  mound  about  .  across 
between  the  nuclei  instead.  The  rods  were  not  of  equal 
length,  as  can  be  seen  in  the  photographs  (Figs.  10a  and 
10b),  due  to  the  fact  that  the  face  is  slightly  off  the 
(001)  orientation.  The  electron  diffraction  pattern 
taken  in  the  [loo]  direction  of  the  metal  showed  the 
following  epitaxy,  (510  )  CUgO  ||  (OOi)  Cu  (Fig.  iOc). 

Four  equivalent  orientations  would  be  expected  from 
aymmt  ;ry  considerations  and  each  is  represented  by  one 
of  the  arms  of  the  nuclei. 

3.  (110)  Fac^ 

On  the  (110)  face  of  copper  the  copper  oxide  nuclei 
grew  as  rods  with  their  long  axis  parallel  to  the  £l00j 
direction  (Fig.  11a).  The  oxide  was  in  the  parallel 
orientation  (110)  Cu^O  |j  (110)  Cu  and  £106]  CUgO  jiOO)  Cu. 

4.  (311)  Face 

On  the  (311)  face,  oxide  nuclei  grew  in  a  dendritic 
manner  .as  shown  in  Fig.  ilb.  On  surfaces  slightly  off 
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(b) 

FIGURE  9 


ELECTRON  MICROGRAPHS  OF  OXIDE  NUCLEI  ON  (100)  FACE  OF  COPPER. 

(a)  400°C,  10*2  torr,  5  minutes 

(b)  700°C,  3  X  lO*^  torr,  10  minutes 


FIGURE  10 


OPTICAL  MICROGRAPH,  ELECTRON  MICROGRAPH,  AND 
ELECTRON  DIFFRACTION  PATTERN  OF  HIGH  TEMPERATURE 
FORM  OF  OXIDE  NUCLEI  ON  (100)  FACE. 

(a)  700 °C.  10*2  torr,  5  seconds 

(b)  700°C,  1C*2  torr,  1  second 

(c)  700°C,  10"2  torr,  1  second 


(a)  X  100 


(b)  X  800 


(c)  X  300 


FIGURE  11 

OPTICAL  MICROGRAPH  OF  OXIDE  NUCLEI 


(a) 

(110) 

f  ace , 

600°C, 

5  X  lO'5  torr, 

20 

minutes 

(b) 

(311) 

face . 

500°C, 

2  X  10'3  torr, 

5 

minutes 

(c) 

1311) 

face , 

500°C, 

10"3  torr.  30 

mi  nutes 

the  (31l)  face  the  nuclei  grew  somewhat  longer  in  the 
direction  normal  to  the  [3llj  pole  direction.  Thus, 
when  looking  down  on  a  spherical  surface,  one  is  given 

nuclei  arranged  in  circles  about 
is  shown  in  Fig.  lie. 


the  impression  of  the 
the  [31l]  pole.  This 
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1 •  Oxide  Nuclei 

Several  methods  were  available  for  determining  the 
topographic  features  (profile)  of  the  oxide  nuclei.  The 
simplest  and  most  frequently  used  method  utilized  the 
observation  of  replicas  in  the  electron  microscope. 

Platinum  shadowed  carbon  replicas  of  the  surface  were 
made  in  the  usual  manner,  except  that  the  platinum  was 
evaporated  in  a  known  crystallographic  direction  and  at 
a  specific,  precisely  known  angle  to  the  surface.  This 
was  generally  a  simple  procedure  since  the  majority  of 
the  samples  that  were  used  in  this  work  were  spheres 
with  both  a  (ill)  and  a  (lOO)  plane  cut  on  their  surfaces. 
Since  two  different  interplanar  angles  were  possible  for 
these  planes,  5  k  °  4  '  and  l250l6,,  depending  on  the  specific 
planes  cut  on  the  crystal,  two  different  conditions  for 
simultaneously  shadewing  both  faces  of  each  crystal  were 
necessary.  If  the  specific  planes  were  (001)  and  (ill) 
with  an  interplanar  angle  of  5/*044',  then  for  a  shadowing 
angle  of  20°  the  shauowing  direction  had  to  be  appro  - 
mately  a  [3^ij  direction.  The  projection  of  the  [3%%\ 
direction  onto  both  the  (001)  and  (ill)  faces  is  approxi¬ 
mately  8°  from  the  [iTo]  direction.  If  the  specific 
planes  were  (100)  and  (ill)  with  an  interplanar  angle 
of  125®l6' ,  the  shadowing  direction  was  approximately 
a  [235]  direction.  This  direction  was  adjusted  so  that 


the  shadowing  angle  was  27°  on  each  of  these  faces. 

The  projection  of  this  direction  on  the  (100)  fare  is  an 


<Gii>  direction,  and  on  the  (ill)  face,  the  projection 


is  now  a  <2ll>  direction. 

A  slight  nodif ication  of  the  above  procedure  involved 
dispersing  snail  (.80/4 )  polystyrene  latex  spheres  on 
the  surface  before  making  the  usual  platinum  shadowed 
carbon  replica  (Fig.  14a).  This  addition  allowed  a 
much  more  accurate  determination  of  the  shadowing  angle 
(by  measuring  the  shadow  length  of  the  sphere  in  the 
replica)  than  the  previous  method  where  the  sample  was 
aligned  for  shadowing  by  sighting  along  a  20°  wedge. 

In  some  electron  microscopic  examinations  of  the 
replicas,  it  was  found  that  the  replica  had  broken  and 
the  broken  edge  had  curled  over.  In  a  few  cases  the 
impressions  in  the  replica  from  one  or  more  oxide  nuclei 
happened  to  be  right  on  tl  rolled  over  portion  of  the 
replica  so  that  a  silhouette  of  the  profile  of  a  nucleus 
could  be  seen  and  photographed.  Such  a  profile  of  two 
oxide  nuclei  is  shown  in  Fig.  12b.  Observations  of 
this  type  provided  good  confirmation  of  profiles  deter¬ 
mined  more  indirectly  from  the  normal  replicas. 

A  Zeiss  interferometer  with  a  thallium  light  (>.  =  .27//) 
source  was  also  used  to  determine  the  oxide  profiles. 

By  measuring  the  displacement  of  the  interference  fringes 
(Fig.  14b)  along  the  surface,  the  altitude  of  an/  point 
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ELECTRON  MICROGRAPHS  OF  OXIDE  NUCLEI  ON  (111)  FACE  FORMED 


could  be  determined.  Because  of  the  small  lateral 
magnification  available  in  the  light  microscope,  this 
technique  was  limited  to  studies  of  large  nuclei  formed 
at  the  higher  temperatures. 

a.  (ill)  Face 

Figures  12a  and  12b  show  an  example  of  typical 
nuclei  observed  on  the  (ill)  face  of  copper  when  the 
oxidation  was  carried  out  at  temperatures  of  300°  C  or 
less.  The  oxide  nuclei  were  in  the  form  of  three  sided 
pyramids,  two  sides  being  steeply  inclined  to  the  metal 
surface  and  the  third  side  making  a  small  angle  with  the 
surface.  The  crystal  faces  on  one  of  the  nuclei  are 
identified  in  Fig.  12a.  The  other  nuclei  are  similar 
except  that  they  appear  rotated  120°  according  to  the  side 
of  the  nuclei  on  which  the  high  index  plane  is  found. 
Figure  12b  shows  a  silhouette  of  the  vertical  cross 
section  to  two  of  these  nuclei.  The  faintly  visible 
nucleus  in  the  lower  left  hand  corne~  of  the  figure  can 
be  used  to  determine  the  direction  of  the  cross  section. 

Figure  13a  shows  the  two  types  of  nuclei  formed  at 
temperatures  above  300°  C  with  the  planes  of  the  parallel 
oriented  nucleus  labelled.  The  tops  of  these  nuclei 
were  frequently  truncated  by  approximately  (ill)  planes. 
The  anti-parallel  oriented  nuclei  which  are  also  visible 
in  this  micrograph  are  much  too  shallow  to  give  any 
indication  of  the  planes  from  which  they  are  formed. 


(a) 


(b) 


( c)  X  600 
FIGURE  13 

ELECTRON  AND  OPTICAL  MICROGRAPHS  OF  OXIDE  NUCLEI 

(a)  400°C,  10-2  torr,  5  minutes 

(b)  250°C,  2  X  lO’3  torr,  12  hours 

(c)  800°C,  10  3  torr,  15  hours 
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I).  (100)  Face 

Figure  13b  shows  a  typical  micrograph  of  the  nuclei 
obtained  on  the  (100)  surface  at  all  but  the  higher 
temperatures  and  pressures.  The  indices  assigned  to  the 
various  surfaces  of  the  nuclei  can  only  be  considered  as 
approximate  since  the  surfaces  are  obviously  not  well 
defined.  The  nuclei  obtained  at  high  temperatures  and 
pressures  as  described  in  Section  IV-C  (Fig.  10)  tended 
to  be  bound  by  (110)  surfaces. 

2 .  Metal  Surface 

The  topography  of  the  metal  surface  in  the  vicinity 
of  the  oxide  nuclei  was  examined  by  the  same  techniques 
that  were  used  to  examine  the  nuclei  themselves.  For 
temperatures  below  600°  C,  the  metal  surface  was  not 
detectably  modified  by  the  presence  of  the  oxide  nuclei. 
Above  this  temperature,  however,  the  metal  surface  was 
noticeably  affected  by  the  presence  of  the  oxide  nuclei 
for  distances  of  as  much  as  30  microns  (Fig.  13c). 

Figure  14a  shows  a  section  of  a  nucleus  on  the  (110) 
face  which  has  two  latex  spheres  on  it  for  use  in  deter¬ 
mining  the  height  of  the  various  features  while  Fig.  14c 
shows  the  development  of  faces  extending  onto  the  metal 
surface  from  the  edge  of  the  same  nucleus.  Figure  14d 
shows  the  tip  of  the  same  nucleus.  The  most  striking 
feature  in  both  Fig.  14c  and  Fig.  14d  is  the  appearance 
of  long  facets,  v  ich  are  apparently  (ill)  planes, 
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extending  in  the  [iToJ  direction  of  the  copper.  This 
direction  is  perpendicular  to  the  edge  of  the  oxide 
nucleus  which  runs  in  the  [OOQ  direction  of  the  metal. 
The  metal  surface  beneath  the  oxide  nuclei  could 
be  examined  by  dissolving  the  oxide  nuclei  with  a  short 
rinse  of  dilute  hydrochloric  acid  and  then  replicating 
the  surface.  Figure  15  shows  an  idealized  cross  section 
perpendicular  to  the  axis  of  growth  for  the  nucleus, 
shown  in  Fig.  14,  which  was  formed  on  the  (110)  face  of 
copper  by  oxidation  at  650°  C  and  2  x  10  3  torr  oxygen 
for  one  hour.  The  vertical  scale  has  been  expanded  ten 
fold  for  clarity. 


FIGURE  15 


IDEALIZED  CROSS  SECTION  OF  AN  OXIDE  NUCLEI'S  ON  THE 
d*0)  FACE  (NOTE  DIFFERENCE  IN  HOR) ZONAL 
.AND  VERTICAL  SCALE ! 
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E.  Penalty 

The  number  of  oxide  nuclei  per  square  centimeter 
of  surface ,  hereafter  referred  to  as  the  density  of 
oxide  nuclei,  was  found  to  be  a  strong  function  of 
temperature  and  oxygen  pressure.  The  density  was  also 
found  to  be  slightly  dependent  on  surface  orientation, 
but  independent  of  time,  once  the  nuclei  had  obtained 
a  sixe  of  approximately  10/U. 

Figure  16  shows  the  temperature  dependency  of  the 

density  of  oxide  nuclei  for  the  various  faces  of  copper 

-2 

studied  for  an  oxygen  pressure  of  10  torr.  The  straight 
line  fit  of  this  data  to  an  Arrhenius  plot  indicates 
that  the  density  of  nuclei  is  determined  by  a  simple 
activation  energy  controlled  process. 

The  density  of  nuclei  was  found  to  be  directly 
proportional  to  the  oxygen  pressure  over  the  range  of 
i(T2  -  10“6  torr  on  the  (ill)  face.  This  relation  is 
shown  in  Fig.  17  for  the  (ill)  face  of  copper  at  600°  C 
(the  reliability  of  the  point  obtained  at  10~^  torr  is 
uncertain).  The  available  data  indicate  that  the  same 
relation  is  true  for  the  other  crystal  faces  studied 
over  the  range  of  10  -  10  J  torr  for  all  temperatures. 

The  density  of  oxide  nuclei  was  not  a  simple  function 
of  time.  When  observed  by  the  optical  microscope,  there 
appeared  no  nuclei  throughout  the  induction  period.  After 
the  appearance  of  the  first  nuclei,  the  density  rose 


DENSITY  OF  NUCLEI  AS  A  FUNCTION  OF  OXYGEN  PRESSURE 
FOR  THE  (111)  FACE  AT  600°C. 
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very  rapidly  to  a  maximum  value  at  which  level  the  density 
remained  until  the  nuclei  began  growing  together.  As 
adjacent  nuclei  grew  together,  the  density  of  nuclei 
decreased.  When  the  surface  was  examined  by  replica 
techniques  in  the  electron  microscope,  however,  it  appeared 
that  at  an  earlier  time  in  the  oxidation,  before  oxide 
nuclei  could  have  been  seen  in  the  optical  microscope, 
there  was  a  greater  density  of  nuclei  but  that  many  of 
these  small  nuclei  disappeared  before  growing  large  enough 
to  be  seen  in  the  optical  microscope.  (See  Fig.  8) 


A  few  experiments  were  made  o"  polycrystalline 


specimens  under  oxidation  conditio,  s  which  would  produce 
large  isolated  nuclei.  The  purpose  of  these  experiments 
was  to  remove  these  nuclei,  unattacked,  from  the  copper 
substrate  in  an  ethanol-ammonia  acetate  solution  so  that 
they  might  be  examined  directly  by  transmission  electron 
microscopy.  Figure  18a  shows  the  oxide  stripped  from  an 
area  of  a  polycrystalline  copper  sample  in  which  the 
grains  have  an  orientation  near  (ill).  The  oxide  nuclei 
in  the  micrograph  show  Bragg  extinction  contours  typical 
of  monocrystalline  material,  and  electron  diffraction 
patterns  confirmed  that  these  nuclei  were  single  crystals. 
Higher  magnification  micrographs  showed  that  the  nuclei 
were  free  of  dislocations  except  at  the  boundary  where 
two  nuclei  bad  grown  together.  However,  because  of  the 
small  size  of  oxide  nuclei,  dislocations  which  may  have 
been  present  in  the  nuclei  as  grown  on  the  metal  surface 
could  have  been  removed  by  climb  after  the  nuclei  were 
removed  from  the  metal.  The  micrograph  also  slows  clearly 
that  the  oxide  nuclei  are  considerably  thinner  in  the 
center  than  at  their  edges.  The  dark  regions  in  the 
micrograph  correspond  to  thicker  oxide  which  formed  along 
a  grain  boundary  in  the  copper.  The  micrograph  also 
gives  no  indication  of  the  presence  of  any  oxide  in  the 
region  between  nuclei. 
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FIGURE  18 

TRANSMISSION  ELECTRON  MICROGRAPH  OF  STRIPPED  OXIDE 
NUCLEI  FROM  POLYCRYSTALLINE  COPPER  OXIDIZED  AT 
400 °C,  10-2  TORR,  FOR  20  MINUTES 

)•  ELECTRON  MICROGRAPH  OF  REPLICA  OF  THERMALLY 
FACETED  (100)  SURFACE,  500°C,  10'3  TORR, 

30  MINUTES 


G.  Thermal  Faceting 


A  by-product  of  the  oxidation  of  copper  at  pressures 
_*x 

below  10  torr  and  temperatures  above  500°  C  was  the 
development  of  facets  on  the  metal  surface.  Figure  18b 
shows  the  facets  developed  on  the  (100)  face  during  the 
Induction  period.  Figure  27c  shows  a  similar  development 
of  (ill)  and  (100)  type  planar  facets  on  a  (311)  copper 
surface  under  similar  oxidizing  conditions.  The  develop¬ 
ment  of  thermal  facets  is  also  noticeable  in  the  majority 
of  the  electron  micrographs  of  oxidations  carried  out 
at  600*  C  and  above  in  this  work.  It  is  clear  that  the 
major  facets  developed  are  always  of  the  type  (llj  or 
£i0($  ,  but  the  curvature  of  the  edges  of  these  facets 
ffhows  that  some  high  index  planes  are  also  present. 
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H.  Oxide  Strain 

It  was  possible  in  certain  experiments  to  obtain  very 
precise  measurements  of  the  lattice  parameters  of  the 
oxide  and  of  the  metal  by  means  of  measurements  of  elec¬ 
tron  diffraction  patterns.  From  these  measurements,  the 
strain  of  the  oxide  could  be  determined.  The  conditions 
necessary  to  obtain  a  suitable  diffraction  pattern  for 
such  measurements  were  as  follows:  l)  temperatures 
above  500®  C,  2)  pressures  of  10  J  torr  or  less,  and 
3)  oxidation  time^  such  that  the  crystal  was  at  the  end 
of  the  Induction  period  or  very  early  in  the  nucleation 
period.  Under  these  conditions,  the  surface  of  the 
sample  was  made-up  of  very  shallow  steps  with  extremely 
smooth  surfaces,  apparently  formed  by  thermal  etching. 

A  typical  micrograph  of  such  a  surface  is  shown  in  Fig.  18b. 

The  diffraction  pattern  from  the  smooth  steps  was 
essentially  that  of  a  two  dimensional  grating  and  consisted 
of  continuous  straight  lines  normal  to  the  shadow  edge 
of  the  crystal.  These  lines  are  obvious  ia  Fig.  19, 
which  shows  a  diffraction  pattern  from  a  (ill)  face  after 
oxidation  under  the  above  conditions.  Oxide  diffraction 
lines  from  a  highly  oriented  cuprous  oxide  were  also 
present  parallel  to  the  diffraction  lines  from  copper. 

The  strong  intensity  of  the  diffraction  lines  from  copper 
indicated  that  either  the  oxide  was  present  in  patches 
on  the  surface  with  bare  metal  between,  or  that  the  oxide 
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FIGURE  19 

GLANCING  ANGLE  ELECTRON  Dir  FRACTION  PATTERN  OF 
(111)  FACE  IN  [Oil 3  DIRECTION.  OXIDIZED  AT 
700°C,  6  X  10-3  TORR,  1  MINUTE. 
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was  extremely  thin  (on  the  order  of  10  A).  The  smoothness 
of  the  surfaces ,  as  seen  in  the  replicas,  suggested  that 
the  latter  case  was  more  likely. 

The  diffraction  patterns  were  complicated  by  multiple 
diffraction,  in  which  a  diffracted  beam  from  either  oxide 
or  metal  acted  as  a  primary  beam  and  was  diffracted 
again.  Most  of  the  features  of  Fig.  19  can  be  explained 
on  this  basis. 

Lattice  parameter  measurements  were  made  by  measuring 
the  distance  between  the  vertical  lines  and  converting 
these  to  d^^  values  by  use  of  the  diffraction  camera 
constant.  The  precision  of  the  measurements  in  this  case 
was  much  higher  than  that  normally  obtained  from  spot 
measurements  in  electron  diffraction.  Measurements  were 
made  on  diffraction  patterns  from  bulk  copper  samples 
which  were  either  i)  annealed  and  thoroughly  outgassed, 
or  2)  saturated  with  oxygen.  These  patterns  showed  only 
diffraction  lines  from  copper  and  the  lattice  parameters 
for  both  samples  were  identically  those  of  hulk  copper. 

Measurements  were  then  made  of  the  oxide  lines  in 
the  diffraction  patterns  from  (ill)  samples  oxidized  at 
50C*  C  to  800°  C;  using  the  measurements  of  the  copper 
diffraction  line  spacings  as  an  internal  standard.  The 
d22fO  values  for  the  oxide  were  determined  from 

these  measurements.  This  data  is  shown  in  Table  i. 

The  hulk  values  of  the  oxide  parameters  are  also  included. 


From  this  data  it  is  seen  That  the  oxide  on  the  (ill) 
face  is  compressed  laterally  in  both  the  [llo]  and  the 
[2TTJ  directions. 
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TABLE  1 

Compression  of  Thin  Oxide  Film  on  (ill)  Face 


Temp,  of 

Oxidation 

Spacing 

Determined 

Measured 

Value  (A) 

Bulk 

Value 

ft 

Compression 

500° 

C 

[45| 

Cu20 

.  860  [-  ±  .002 

.S713 

1.3 

±  .2 

500° 

C 

[220] 

cu2° 

1.487  t  .003 

1.510 

1.5 

±  .2 

700° 

C 

[253 

Cu20 

1.489  ±  .003 

1.510 

1.4 

t  .2 

800° 

C 

[423 

cu2o 

.8630  ±  .001 

.3715 

1.1 

±  .2 

800* 

C 

|22o| 

Cu20 

1.493  ±  .004 

1.510 

1.1 

CM 

• 

Also  present  in  some  of  the  diffraction  patterns 
wes  a  set  of  lines  with  a  very  small  spacing  between 
them.  These  are  apparent  in  Fig.  19,  and  will  be  con¬ 
sidered  in  the  next  section. 
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I.  Unusual  Diffraction  Results 
1 .  Adsorption  Structures 

In  some  experiments  in  which  the  oxygen  exposure 
was  either  slightly  more  or  slightly  less  than  that  re¬ 
quired  to  produce  the  first  scattered  oxide  nuclei, 
electron  diffraction  patterns  showed  extra  streaks  which 
indicated  periodic  lattice  spacings  which  were  based  on 
the  copper  substrate  lattice. 

a.  (lOO)  Face 

Figure  20a  shows  a  (l00)[bii]  pattern  and  Fig.  20b 
a  (100)  [OOlj  pattern  from  a  copper  surface  after  exposure 
to  oxygen  at  500°  C  and  a  pressure  of  5  x  10  torr  for 
10  hours.  Figure  20a  shows  only  the  streaks  expected 
from  a  normal  smooth  copper  surface  with  several  additional 
weak  oxide  lines.  On  the  other  hand,  Fig,  20b,  from  the 
sane  surface  but  with  the  electron  beam  in  a  different 
direction,  shows  three  extra  diffraction  lines  between 
each  pair  of  normal  lines.  These  pat-torus  indicate  that 
there  exists  on  the  surface  a  periodic  structure  with 
the  dimensions  of  a  x  2a,  where  a  is  the  normal  fiod] 
spacing  of  the  face  centered  copper  cell .  The  relation¬ 
ship  of  these  two  diffraction  patterns  to  the  LEED  pattern 
observed  by  Simmons  (in)  for  an  oxygen  adsorption  struc¬ 
ture  on  (100)  copper  is  shown  in  the  reciprocal  lattice 
drawing  of  Fig.  21a. 

Figure  20c  shows  a  (lOQ)COii)  pattern  from  a  copper 
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surface  after  exposure  to  oxygen  at  7005  C  and  a  pressure 
of  6  x  10*^  torr  for  1  minute.  This  pattern  can  be 
explained  on  the  basis  of  one  set  of  ertra  lines  corre¬ 
sponding  to  a  spacing  four  thirds  that  of  the  normal  d0?2 
copper  spacing.  All  the  other  extra  lines  in  the  pattern 
can  then  be  explained  as  a  result  of  double  diffraction. 
The  diffraction  pattern  taken  with  the  beam  in  the  Cool) 
direction  on  this  surface  showed  only  the  normal  copper 
lattice  streaks. 

b.  (ilO)  Face 

Figures  22a,  22b,  and  22c  show  electron  diffraction 

patterns  from  a  (110)  surface  exposed  to  oxygen  at  800°  C 

-4 

at  a  pressure  of  2  x  10  torr  for  twelve  minutes.  No 
extra  lines  are  present  in  Fig.  22a,  but  both  Figs.  22b 
and  22c  show  two  extra  lines  between  each  pair  of  normal 
lines.  These  patterns  indicate  a  surface  structure 
with  a  rectangular  lattice  having  the  dimensions  of 
a  x  3  X-  /2  a,  i.e.  a  cell  which  is  equal  to  the  copper 
spacing  in  the  [OOQ  direction  and  three  times  the  copper 
spacing  in  the  [llo]  direction. 

Figures  23a,  23b,  and  23c  show  patterns  from  another 
(110)  surface  oxidized  at  800°  C  and  2  x  10“^  torr  for 
1  hour.  These  patterns  can  be  interpreted  on  the  basis 
of  two  surface  structures,  one  with  an  a  x  2  yiT  a  cell 
and  the  other  with  an  a  x  3  \f%  a  cell.  Figure  2lb  shows 
the  reciprocal  lattice  drawing  relating  the  a  x  2  v/sf  a 
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pattern  to  the  LEED  pattern  observed  by  Simmons  (14). 
c.  (311)  Face 

Figures  24a  and  24b  show  the  electron  diffraction 

patterns  from  a  (3ii)  surface  which  was  exposed  to 

>4 

oxygen  at  600°  C  at  a  pressure  of  2  x  10  torr  for 
1  hour.  Figui  v  U'..'- .  Lateen  in  the  [l5l!  direction  shows 
four  extra  lines  between  the  normal  copper  lines. 

Figure  24b,  however,  taken  with  the  beam  in  the  CoilJ 
direction  shows  no  extra  lines.  A  reasonable  structure 
explaining  these  patterns  has  not  yet  been  determined. 

2 •  Super-Structures 

Electron  diffraction  patterns  from  (ill)  surfaces 
oxidized  at  700°  C  or  higher  for  periods  of  time  slightly 
less  than  necessary  to  produce  oxide  nuclei  on  the  surface 
showed  a  parallel  array  of  very  closely  spaced  lines  or 
streaks.  Figure  25a  shows  a  (lll)[lXo|  pattern  from 
which  the  complete  reciprocal  lattice  for  the  structure 
producing  the  pattern  can  be  obtained.  The  lattice 
spacing  in  the  (jLiSJ  direction  can  be  determined  directly 
by  measurement  of  the  distance  between  t\*o  adjacent  lines 
lying  or*  a  Laue  zone.  Each  of  the  areas  showing  maximum 
intensity  of  the  streak  pattern  corresponds  to  a  Laue 
ring  or  zone.  These  originate  in  the  intersection  of 
the  Ewald  reflecting  sphere  with  successive  reciprocal 
lattice  planes  along  the  direction  of  the  electron  beam. 


( a) 


(b) 


FIGURE  24 

GLANCING  ANGLE  ELECTRON  DIFFRACTION  PATTERNS  OF 
ADSORPTION  STRUCTURES  ON  (311)  SURFACE 

(a)  (311)  [141] 

(b)  (311)  [Oil] 
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(b) 

FIGURE  25 


GLANCING  ANGLE  ELEC IRON  DIFFRACTION  PATTERNS  OF  (111)  SURFACE 
SHOWING  DIFFRACTION  LINES  CORRESPONDING  TO  A  CELL  OF  VERY 

LARGE  DIMENSIONS 

(a)  (111)  [HO] 

(b)  (111)  [21  n 
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The  measurement  of  the  spacinrs  of  the  Laue  zone  rings  (33) 
then  permits  the  determination  of  the  spacing  of  the 
reciprocal  lattice  in  the  [iTo] direction  from  the  formula: 

8  -  _  2nL2  X 

(an7  -  2R0HC 

where  (34,35) 

8  =  spacing  in  direction  parallel  to  beam 

n  a  order  of  intensity  maxima 
L  a  sample  to  photographic  file  distance 

R  a  radiuc  of  zero  order  maxima 

o 

R  a  radius  of  n  order  maxima 
n 

X  *  wave  length  of  electron  beam 

Tilting  of  tho  sample  during  examination  in  the 
electron  beam  showed  clearly  that  the  reciprocal  lattice 
was  made  up  of  a  regular  array  of  rods  normal  to  the 
crystal  surface.  Figure  26  shows  a  schematic  diagram 
of  the  appearance  of  this  reciprocal  lattice.  The  real 
lattice  corresponding  to  this  reciprocal  lattice  is  a 
two  dimensional  hexagonal  array  of  points  in  the  (ill) 
plane  and  a  diagram  of  this  is  also  shown  in  Fig.  26. 

Figure  23b  is  an  electron  diffraction  pattern  of 
the  same  (iii)  surface  taken  with  the  beam  in  tbe[TT2j 
direction.  This  shows  quite  clearly  that  the  normal 
copper  [2*0]  distance  is  divided  exactly  into  20  i/2 

O 

divisions,  which  corresponds  to  the  26.2  A  spacing 
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FIGURE  26 

RELATIONSHIP  BETYEEN  RECIPROCAL  LATTICE  RODS  AND 
TWO  DIMENSIONAL  REAl,  LATTICE  OF  POINTS 
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determined  from  measurements  of  the  distance  between  the 
Laue  rings  shown  in  Fig,  25a. 

This  structure  is  also  easily  seen  in  Figs,  27a  and 
27b.  In  this  case  a  (311)  face  was  oxidized  under 
conditions  which  produced  (ill)  and  (iOO)  facets  belonging 
to  the  [Oil]  zone.  These  facets  are  shown  in  the  electron 
micrograph.  Fig.  27c.  Figure  27a,  taken  with  the  beam 
in  the  [OiT]  direction,  thus  gives  diffractior*  patterns 
for  both  (ill)  and  (iOO)  surfaces.  Figure  2?b,  on  the 
other  hand,  taken  with  the  beam  ir.  the  direction 

(pprpendicuXar  to  the  [oTij)  gives  a  view  of  the  recip¬ 
rocal  lattice  oa  the  (ill)  face  at  an  angle  of  5^v  to 
the  direction  of  the  reciprocal  lattice  rods.  The 
structure  derived  from  these  patterns  fer  the  (ill) 
facets  is  identical  to  that  derived  for  the  flat  (ill) 
surface.  The  structure  corresponding  to  the  (100)  facets 
has  not  yet  been  worked  out  in  detail. 


J.  Kinetics 


i.  Method  of  Calculation 

For  the  purpose  of  measuring  the  rates  of  oxida¬ 
tion  of  the  various  crystal  faces,  disc  shaped  samples 
were  used  which  were  approximately  i.8  cm  in  diameter 
and  .i  cm  thick  with  a  small  hole  hear  the  edge,  by  which 
the  sample  could  be  supported.  For  these  samples,  about 
10#  of  the  sample  area  consisted  of  surfaces  with  orien¬ 
tations  other  than  that  of  the  two  flat  surfaces  of  the 
disk.  The  results  were  calculated  on  the  assumption 
that  all  of  the  sample’s  surface  was  of  one  orientation. 
(A  discussion  of  the  error  due  to  this  assumption  can 
be  found  in  Section  V-C-l.) 

The  volume  of  the  system  was  determined  by  expan¬ 
sion  of  oxygen  from  the  reactor  system  into  an  evacuated 
vessel  of  known  volume.  The  ratio  of  the  pressure  in 
the  system  before  and  after  the  expansion  gave  the 
volume  of  the  system  by  means  of  the  equation 


V 


system 


=  V 


known 


_ Pfinal _ 

P  —  P 

original  final 


Vhe  Pirani  gauge  which  was  an  integral  part  of  the  system 

P 

was  used  for  determining  _ _ final _  in  the 

^original  “  Pfi.ial 

—2  -5 

pressure  range  of  iC  -  iO  '  torr.  The  result  was  not 
a  function  of  the  sensitivity  of  tbs  Pirani  gauge  but 
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was  a  function  of  its  linearity  and  was  repeatable  to 
.5%.  With  a  knowledge  of  the  volume  of  the  system  and 
a  continuous  record  of  the  pressure  in  the  system  during 
an  oxidation  (Fig. 4),  the  quantity  of  gas  taken  up  by 
the  copper  sample  could  be  calculated.  From  the  rate 
of  pressure  drop  in  the  system,  the  volume  of  the  system, 
the  temperature  of  the  gas,  and  the  area  of  the  sample, 
the  sticking  coefficient  of  the  sample  could  be  calcu¬ 
lated.  The  following  is  a  sample  calculation  of  these 
quantities . 


a.  Definition  of  Symbols 

o£  =  sticking  coefficient  = 

rate  molecules  are  irreversibly  adsorned 
rate  molecules  strike  the  surface 
2 

Q  (g  02/cm  )  =  quantity  of  oxygen  taken  up  by  surface 
2 

J  (g  Og/cm  sec)  =  rate  of  oxidation  of  surface 

k  =  1.74  x  1<T3  g  Og  torr"”1  liter”*1 

P  (torr)  =  oxygen  pressure 
V  (l)  =  volume  of  system 

/  2x 

A  (cm  )  =  area  of  sample 
2 

M  (g/cm  sec  torr)  =  rate  oxygen  strikes  surface 
per  torr  =  .329  T“^ 


i 
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T  (°K)  =  gas  temperature 

g 
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In  some  experiments  the  crystal  was  heated  by  an 
external  resistance  furnace;  for  these  studies,  the  gas 
temperature  was  taken  to  be  the  crystal  temperature.  In 


most  experiments,  however,  the  crystal  was  heated  by 
induction  and  the  walls  of  the  reaction  vessel  were  only 
slightly  warm  to  the  touch.  Under  these  conditions  it 
would  not  be  correct  to  assume  the  sample  temperature  or 
the  wall  temperature  represented  the  true  gas  temperature, 
A  gas  temperature  of  50°  C  was  considered  to  be  a  reason¬ 
able  approximation  and  was  used  for  the  calculation  of 
the  sticking  coefficient  when  using  the  induction  heater, 
regardless  of  the  sample  temperature.  The  gas  temperature 
influences  the  calculation  of  the  sticking  coefficient 
as  the  inverse  square  root  of  the  absolute  temperature; 
thus,  an  error  of  100°  C  in  the  gas  temperature  would 
cause  a  10#  error  in  the  value  of  the  sticking  coeffi¬ 
cient.  When  the  resistance  furnace  was  used,  a  minor 
correction  was  also  made  for  thermomoleeular  flow  and 
the  quantity  of  gas  in  the  system. 

A  few  experiments  which  used  the  resistance  furnace 
heating  method  were  repeated  with  the  induction  heater. 

The  corrected  results  from  the  two  heating  methods  were 
identical  within  the  normal  reprod.  ci<  ility  of  the 
equipment. 

2 .  Range  of  Measurement 

Oxidation  rate  measurements  were  obtained  for  the 

(ill),  (100),  (110),  (311),  (332)  crystallographic  faces 

at  temperatures  from  250°  C  to  600°  C  and  oxygen  pressures 
—4  -2 

from  2  x  10  torr  to  3  x  10  torr.  In  terms  of  average 


hifivnoas  Mu  .  rasureraeuts  wpj”  read.-  over  an  ()Xk!c 
i t * u i~.\i  of  from  a  feu-  angstroms  to  approximately  500 
angstroms . 

5 .  Pressure  Dependence 

In  no  case  in  the  range  of  these  measurements  was 
a  variance  of  sticking  coefficient  with  oxygen  pressure 

o 

found.  In  other  words,  the  oxidation  rate  in  g/em^sec 
was  a  linear  function  of  the  oxygen  pressure  over  the 
range  of  measurement.  This  was  true  for  all  crystal 
faces  studied. 

;i ,  Temperature  Dependence 

Each  crystallographic  plane  studied  was  found  to 
have  its  own  temperature  dependence  of  oxidation  rate.. 

Since  the  sticking  coefficient  was  independent  of  pressure, 
it  was  found  most  convenient  to  plot  the  stacking  coeffi¬ 
cient  (oC )  at  10"6  g  0o/cm~  average  coverage  against 

Aar 

temperature.  An  Arrhenius  plot,  of  these  values  gave 
straight  lines  from  whose  slopes  activation  energies 
could  be  obtained.  Figure  28  shows  graphically  the 
results  obtained  for  each  of  the  faces  studied.  The 
frequency  factors  and  activation  energies  calculated 
from  the  curves  are  also  shown  in  Fig.  21.  Table  2 
lists  the  coefficients  of  the  equation  for  the  sticking 
probability  (°£ )  in  the  form 


log  oC  a  a  + 


b 


nn  . 

‘ (abs . ) 

for  the  lines  on  the  graph  along  with  the  standard 
deviation  calculated  for  from  seven  to  twenty  independent 
measui  ements . 


TABLE  2 


Coefficients  of  the  equation  log  oc  =  a  +  b/T 
Face  a  b  x  10^  Remarks 


(ill),  (332) 

-l.U 

-2.0 

+ 

.1 

(332)  rate  =  (ill) 

(100) 

-  .76 

-3.0 

4* 

.4 

(110) 

.17 

-3.6 

± 

.4 

abeve  400°  C 

(5H) 

1.19 

-4.3 

i  l 

(110) 

-3.89 

-  .9 

t 

.2 

below  400°  C 

The  (332) 

face  which  is 

to° 

off 

the  (ill)  face  gave 

the  same  results  as  the  (ill)  face, 

5.  Time  Dependence 

The  quantity  of  oxygen  taken  up  by  a  copper  surface 
was  a  function  of  the  time  of  oxidation.  In  a  majority 
of  the  experiments,  the  conditions  of  oxidation  were 
chosen  so  as  to  produce  oxide  nuclei  on  the  surface  after 
a  short  induction  period.  The  oxidations  were  usually 
continued  until  the  surface  was  nearly  completely  covered 
by  the  lateral  growth  of  these  nuclei.  In  a  few  experiments, 


HGURE  28 

STICKING  COEFFICIENT  OF  OXYGEN  ON  COPPER  AS 
A  FUNCTION  OF  TEMPERATURE. 
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however,  the  conditions  were  such  as  to  yield  an  induc¬ 
tion  period  of  a  few  hours  duration.  In  three  experiments, 
the  conditions  were  chosen  so  that  a  continuous  oxide 

film  was  formed  very  quickly  and  the  growth  of  this  film 

© 

was  fc llowed  to  thicknesses  of  approximately  1000  A  * 

in  those  experiments  in  which  the  induction  period 
was  long,  a  linear  growth  law  Q  =  kt  was  obtained,  where 
Q  is  the  mass  of  oxygen  taken  up  by  the  surface  per  unit 
area  and  t  is  the  time  of  oxidation. 

Three  oxidations  at  oxygen  pressures  of  1  x  10  torr 
were  carried  out  on  the  (110)  and  (311)  faces  at  tem¬ 
peratures  from  300°-  400°  C.  These  conditions  were  found 
to  produce  a  continuous  oxide  film  within  a  minute  of 

the  start  of  the  oxidation.  Under  these  conditions  a 

2 

parabolic  growth  law  Q  =  kt  was  observed. 

During  the  period  of  time  when  oxide  nuclcation 

and  growth  was  occurring,  a  growth  law  of  approximately 
4/3 

Q  *  kt  was  obtainedc  This  portion  of  the  oxidation 
curve  was  often  precedod  by  a  linear  portion,  which 
corresponded  to  the  induction  period.  The  duration  of 
this  first  portion  of  the  oxidation  was  found  to  be 
difficult  to  reproduce.  This  was  apparently  a  result 
of  the  previous  history  of  the  sample  (see  Sec.  IV-A). 
Figure  29  shews  a  representative  plot  of  Q  versus  t  with 
the  experimental  sticking  coefficients  indicated  at 
various  point c  3 Jong  the  curve. 
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OXYGEN  UPTAKE  BY  COPPER  SAMPLE  AS  A  FUNCTION  OF  TIME. 


K.  Electrometric  Reduction 


Electrometric  reduction,  utilizing  the  apparatus 
described  in  Sec.  wcs  used  to  determine  the  quan¬ 

tity  of  oxygen  present  on  a  crystal  surface  as  oxide. 
Since  the  total  uptake  of  oxygen  by  a  crystal  was  known 
iro*  the  kinetic  measurements  in  system  0,  the  difference 
between  these  two  amounts  of  oxygen  should  be  a  measure 
of  the  amount  of  oxygen  dissolved  in  the  metal  lattice. 
The  results  of  these  measurements  are  shown  in  Table  3. 

It  can  be  seen  from  the  data  in  the  table  that  only 
those  samples  for  which  the  oxidation  was  terminated 
below  lykg/cm  oxygen  uptake  showed  a  positive  indication 
of  appreciable  oxygen  solution.  Many  of  the  electromfii'i 
reductions  actually  indicated  about  5>  acre  oxide  on  the 
surface  than  was  determined  from  oxygen  uptake  measure¬ 
ments.  Tbi*  discrepancy  Is  thought  to  be  dun  to  ic»js 
than  100%  efficiency  of  the  electrometric  reduction 
system. 


Comparison  of  Electrometric  Reduction  Data 
with  Oxygen  Uptake 


Pace 

Temperature 

Av.  Pressure 
( torr) 

Oxygen 

Uptake 

/*  g/cm2 

Oxygen 

Reduced 

M  g/cm “ 

(iOO) 

C 

10"3 

.33 

.15 

(100)... 

5&0° 

\j 

10-5 

.  .50 

.20 

(100) 

400° 

c 

2  x  i0“3 

_ -  55  . 

.20 

O 

o 

500° 

c 

10-5 

.47 

.22 

(too) 

500° 

c 

10-5 

.65 

.25 

(311) 

40C* 

c 

2  x  I0“k 

AO 

.40 

(110) 

250  « 

c 

10“2 

AO 

.75 

(100) 

500° 

c 

IQ"’ 

1.21 

-  ,93  . 

(311) 

450- 

c 

5  x  10“4 

1.15 

i.30 

(111) 

300° 

c 

2  X  10**21 

1.25 

.  1  5  35. 

(110) 

J00° 

c 

10’2 

1.73 

1.73 

(100)  __ 

4C0° 

c 

10"S 

1.71 

1.85 

(100). 

600  c 

c 

10~3 

2.00 

1.80 

(100) 

60 0° 

c 

ID"5 

_  2.1 

2.6 

(311) 

“^50° 

c 

io-* 

2.6 

2.6 

(110). 

500° 

c 

2  x  IQ”3 

3.1 

3.0 

(Ill) 

400° 

c 

10  * 

5.9  _ 

_  **.3 

.(110) 

600° 

c 

2  x  10~3 

*±2 

5*0 

(3ii). 

500° 

c _ 

10~3 

8.7 

„  s-q., . . 

L ,  Oxygen  Solution 

Since  only  a  few  of  the  electrometric  reduction 
experiments  showed  positive  evidence  of  oxygen  solution 
in  the  metal,  a  number  of  special  experiments  were 
carried  out  in  an  attempt,  to  confirm  that  oxygen  solution 
was  occurring. 

A  5/fc  inch  sphere  was  oxidized  at  250°  C  and  1  torr 
oxygen  for  five  Jiinutes  An  order  to  produce  a  thin 
continuous  film  of  oxide  on  the  surface.  This  film  was 

O 

approximately  1000  A  thick  on  the  (iOO)  face  and  showed 
interference  co’ors.  The  sphere  was  then  heated  to 
730°  C  in  a  vacuum  of  less  than  10  torr  for  a  short 
period  of  time.  After  cooling,  there  was  no  indication 
of  oxide  on  the  copper  surface.  When  this  experiment 
was  repeated  on  a  1  mm  thick  (111)  sample,  the  oxide 
also  disappeared  when  the  sample  was  heated  to  750°  C. 
However,  after  slow  cooling  it  was  found  that  the  surface 
contained  oxide  nuclei  comparable  to  those  obtained  on 
r  sample  which  had  been  oxidized  at  a  low  oxygen  pressure 
and  high  temperature..  An  electron  micrograph  of  this 
sample  is  shown  in  Tig.  30.  It  is  quite  clear  from  the 
conditions  of  these  experiments  that  the  oxide  originally 
on  the  surface  dissolved  in  the  metal.  The  reprecipitation 
of  oxide  on  the  surface  of  the  thinner  crystal  was  a 
result  of  saturating  the  metal  with  oxygen  at  the  elevated 
temperature  so  that  on  cooling  the  meta?  became  supersatu¬ 
rated  and  the  oxygen  then  precipitated  cut  as  oxide. 
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FIGURE  30 

OXIDE  NUCLEI-  PRECIPITATED  ON  THE  (111)  FACE  FROM  AN 
OXYGEN  SAlUnATED  COPPER  SAMPLE  DURING  COOLING 

IN  VACUUM. 


M .  Oxidation  of  Thin  Films 

wna— .  i  u«  ■  t— j- 

Copper  single  crystal  films  approximately  U'Op  \ 
thick  with  a  (100)  orientation,  which  were  prepared  b\ 
evaporation  onto  a  heated  rocksalt  substrate,  were 
oxidized  in  system  A.  After  oxidation,  a  1  yer  ol  «  a- 
was  evaporated  onto  the  film  for  support  and  the  oxidi 
copper  film  was  floated  off  the  rocksalt  with  distil  it 
water.  After  a  brief  second  rinse  in  distalled  watei 
the  films  were  dried  and  mounted  on  electron  micros  cos,, 
grids  for  examination  *n  the  electron  microscope:  it. 
the  first  few  experiments,  the  copper  films  were  stii;. 
from  the  rocksalt  and  mounted  on  electron  microscope 
grids  prior  to  oxidation.  This  procedure  was  discorif.  i 
because  the  oxide  nuclei  became  detached  from  the 
film  and  were  lost  if  not  supported. 

Figures  31  and  32  show  the  appearance  of  a  t h t / . 

-2 

film  after  oxidation  at  550°  C  at  10  torr  for  v  ;„•« 
One  half  of  the  film  was  shadowed  with  platinum  and  r. 
specimen  dissolved  in  dilute  nitric  acid  so  ihit  th-. 
surface  features  could  be  observed  by  electron  :r  i  ••  .  . 
of  the  replica  while  the  other  half  was  examin'd  x  - 
by  transmission  electron  microscopy  and  transu.i ss i  <.r; 
electron  diffraction.  There  were  observed  num<  reus 
nuclei  of  two  types:  i)  approximately  squcv  e  nuclei 
with  the  [10<5  direction  normal  to  the  surface,  and 
2)  approximately  three  armed  triangular  nuclei  with 
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[ill]  direction  normal  to  the  film  surface.  Both  types 
of  nuclei  lay  in  holes  in  the  foil.  The  copper  metal 
had  apparently  diffused  away  from  the  area  adjacent  to 
the  nuclei  and  in  most  cases  left  the  copper  oxide 
nuclei  completely  free  of  the  metal  film. 


doit  lain  j  :i ft  t.  i  on 

Hurt this  study,  oxidations  wore  inndverl- 

>.  .1  >.  iy  made,  on  con  lamina  ted  samples.  In  only  one  rase 
was  the  contaminant  identifiable  and  its  source  determined. 
In  .all  other  cases  the  contaminant  was  unknown  and  i«s 
concentration  insufficient  to  he  detectable  as  a  separate 
phase  by  glancing  angle  electron  diffraction  Electron 
diffraction  was  however,  a  powerful  tool  for  the  detec¬ 
tion  of  the  presence  of  a  contaminant  since  the  contami¬ 
nants  almost  always  altered  the  epitaxial  relationships 
between  the  copper  sample  and  the  oxide.  Most  often  the 
contaminant  resulted  in  random  copper  oxide  being  formed. 

In  other  cases,  however,  it  would  cause  an  oxide  of  a 
very  high  degree  of  orientation  to  occur  but  with  an 
epitaxy  different  from  that  occurring  on  clean  surfaces. 

.In  equally  powerful  method  of  de terni n i ng  the  pres¬ 
ence  of  a  eontaminani  was  to  examine  the  shape  of  the 
oxide  nuclei  themselves,  since  these,  in  the  presence 
of  contaminants,  grew  with  strange  forms.  In  most  cases 
these  contaminated  nuclei  would  be  the  same  shape  o'er 
the  entire  surface,  indicating  a  uniform  distribution  of 
the  contaminant.  In  a  few  cases,  isolated  groups  of 
unusually  shaped  nuclei  were  present  indicating  a  localized 
contaminant.  Figures  33a,  b,  c,  and  d  show  some  typical 
examples  of  nuclei  grown  under  contaminated  conditions. 

It  was  possible  to  distinguish  between  contaminated  and 
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<c) 


(d) 


FIGURE  33 

ELECTRON  MICROGRAPHS  OF  CONTAMINATED  OXIDE  NUCLEI 


(  a} 

(100) 

face , 

700°C, 

3  X  10'4  torr,  10  minutes 

(b) 

o 

o 

fa  je , 

500°C, 

1.7  X  10'4 

torr,  3  hour* 

(c) 

(111) 

face, 

800°C, 

10"“  torr, 

15  minutes 

(d) 

(111) 

face , 

500°C, 

1.5  X  10'4 

torr,  6  hours 

£ 
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and  uncontaoinated  oxidations  simply  by  an  examination 
of  the  form  of  the  nuclei  s  It  was  f  rani  that-  a  contain!— 
nated  sample  never  produced  the  same  shape  siuoie-2  tvicu, 
except  in  the  case  of  the  one  known  contaminant .  The 
reproducibility  of  the  regular  shaped  nuclei  was  there¬ 
fore  a  good  criterion  for  the  lack  of  contaminant  in 
the  system. 

Figure  33a  is  an  electron  micrograph  of  a  contami¬ 
nated  n ample  showing  r.mall,  well  formed  nuclei  but  with 
many  different  orientations  present.  The  diffraction 
pattern  in  Fig.  27b  shows  the  multiplicity  of  these 
orientations . 

When  copper  samples  were  oxidized  in  system  A  at 
temperatures  above  600°  C  for  long  periods  of  time  in 
low  oxygen  pressures,  a  contaminant  appeared  on  the  surface 
as  small  rounded  particles  which  pinned  the  surface  steps 
formed  by  thermal  etching.  This  material  was  identified 
as  amorphous  Si02  by  electron  diffraction.  Figures  34c 
and  ?4d  show  a  surface  replica  of  such  a  contaminated 
sample  and  its  associated  diffraction  pattern  containing 
diffuse  rings  from  silica. 
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(c) 


(d) 


FIGURE  34 

CONTAMINATED  OXIDE  NUCLEI: 


(a)  Electron 


micrograph  of  (100)  face,  400^0, 
15’*  torr  5  ainuc.es 


i'J>)  Electron  diffraction  pattern  associMted  with  a. 
(e)  Electron  aiciograph  oi  (100)  face.  800°C, 

5  X  10“^  torr,  1  hour 

(d)  Electron  diffraction  pattern  associated  with  c. 


* 
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V.  DISCUSSION 


A.  Topography 

It  is  quite  evident  from  the  preceding  results 
that  a  smooth  copper  surface  does  not  remain  smooth  when 
exposed  to  a  low  pressure  of  oxygen  at  elevated  tempera** 
tures.  Two  types  of  changes  in  the  topography  of  the 
surface  occur.  First,  the  metal  surface  may  become 
roughenec  on  a  microscopic  scale  by  the  development  of 
facets.  This  is  called  thermal  faceting  or  thermal 
etching.  Secondly r  the  metal  surface  'jay  become  roughened 
by  the  development  of  isolated  oxide  nuclei.  Both  of 
these  processes  are  related  in  that  they  are  largely  the 
result  of  the  high  mobility  of  copper  and  oxygen  on  the 
metal  surface.  The  surface  mobility  of  copper  in  vacuum 
and  in  hydrogen  has  been  thoroughly  investigated  by 
Choi  and  Shewmon  (39),  by  Ilackerman  and  Simpson  (40), 
and  by  Gjostein  (41).  Bradshaw  (42)  studied  the  influence 
of  a  low  pressure  of  oxygen  and  found  the  surface  diffusion 
rate  of  copper  enhanced  by  a  factor  of  about  three  over 
the  diffusion  rate  in  vacuum. 

1 .  Thermal  Faceting 

Copper  surfaces  exposed  to  oxygen  at  all  pressures 
used  in  this  work  and  at  temperatures  above  500°  C 
generally  showed  the  development  of  facets.  These  facets 
were  primarily  of  the  type  {lOoV  and  ,  although 


tnese  low  index  planes  were  frequently  joined  by  small 
segments  of  high  index  planes.  Facets  weie  observed 
both  on  samples  which  showed  nr  surface  o?:ide  (i.e.  the 
surface  was  in  the  Induction  period)  (Pigs.  16b  and  27b), 
and  on  crystal  surfaces  which  showed  oxide  nuclei. 

These  facets  develop  on  most  metals  so  as  to  mini- 
mize  the  surface  free  energy  of  the  gross  crystal  xn 
the  presence  of  an  oxygen  atmosphere ,  The  mechanism 
of  their  formation  on  various  metals  is  uncertain  (46). 
Hondros  and  Moore  (47)  indicate  that  for  silver,  evapora¬ 
tion  of  the  metal  was  essential  for  the  formation  of 
facets.  This  is  apparently  net  true  in  the  case  of 
copper,  since  faceting  was  observed  at  temperatures  far 
below  that  ax  which  the  evaporation  rate  of  either  copper 
or  cuprous  oxide  is  appreciable. 

In  oxidations  at  the  higher  temperatures  used  in 
this  work,  the  facets  are  noticeably  influenced  by  the 
presence  of  the  oxide  nuclei;  i.e.,  the  facets  are  larger 
and  are  curved  in  towards  the  nuclei,  as  shown  in  Figs. 
10b  and  13c.  This  enhanced  faceting  in  the  immediate 
vicinity  of  the  oxide  nuclei  may  be  due  to  an  increased 
diffusion  rate  caused  by  a  strain  field  set  up  close 
to  the  growing  nuclei.  There  is  some  evidence  that  this 
enhanced  faceting  develops  during  tac  coolirg  of  the 
sample  after  removal  of  the  oxygen  atroesphere  (6,  48)- 


2 .  Density  of  Oxide  Nuclei 

In  Section  IV-E,  it  was  shown  that  the  density  of 
oxide  nuclei  on  the  coprer  surface  was  1)  directly  pro¬ 
portional  to  the  oxygen  pressure,  2)  only  slightly  de¬ 
pendent  on  crystal  face,  3)  an  exponential  function  of 
the  reciprocal  of  the  temperature,  and  4)  independent 
of  time,  after  the  nuclei  had  obtained  a  size  of  a  few 
microns  and  until  the  time  when  the  nuclei  began  to  grow 
together.  These  relationships  can  be  explained  in  terms 
of  a  diffusion  controlled  growth  process, 

Kahlweit  (49)  has  shown  for  the  case  of  internal 
precipitation  of  oxide  particles  in  dilute  metal  alloys 
that,  for  diffusion  controlled  growth,  the  density  of 
precipitated  reaction  products  in  a  plane  is  directly 
proportional  to  the  flux  of  reactant  into  the  plane. 

This  result  is  also  applicable  to  the  density  of  nuclei 
formed  on  the  surface  if  the  flux  late  is  assumed  to  be 
the  rate  at  which  the  crystal  takes  up  oxygen  and  the 
plane  of  precipitation  is  tauen  as  the  surface.  Thus, 
the  direct  proportionality  between  the  density  of  the 
nuclei  and  the  oxygen  pressure  i3  explained  since  the 
rate  at  *?hich  the  sample  takes  up  oxygen  is  directly 
proper ^Icnal  to  the  oxygen  pressure. 

The  exponential  relationship  between  the  density 
of  nuclei  (N)  r.nd  the  reciprocal  of  temperature  can  also 
bt,  oi;pIained  in  terms  of  diffusion  controlled  growth. 


The  energy  (E)f  obtained  from  the  experimental  slope 
of  an  Arrhenius  plot  of  l/T  versus  the  logarithm  of  the 
density  of  nuclei  determined  at  constant  pressure,  has 
been  shown  by  Grtfnlund  (2)  to  be  equal  to  twice  the 
activation  energy  for  surface  diffusion.  Table  h  compares 
the  values  obtained  by  Grffnlund  for  various  crystal  faces 
with  those  obtained  in  this  worfc. 

It  is  the  opinion  of  this  author  that  the  density 
of  nuclei  as  a  function  of  temperature  should  have  been 
determined  at  constant  flux  and  not  at  constant  pressure 
since  the  density  of  nuclei  is  a  function  of  the  flux. 
Using  the  kinetic  data  from  this  work,  a  corrected  set 
of  activation  energies  was  calt  ilated  and  these  are  also 
shown  in  Table  4 . 


TABLE  h 


Activation  Energy  (kcal/raole)  for  Surface 
Diffusion  on  Various  Crystal  Faces 
as  Calculated  by  the  Method  of  Grbnlund  (2) 


(111) 

_ (top) 

(110) 

(311) 

Grbnlund’s  values  (2) 

18 

23 

10 

15 

This  work 

(constant  pressure) 

16 

13 

12 

12 

This  work 

(constant  flux) 

21 

20 

21 

21 

The  identity  of  the  diffusing  species  for  which  the 
above  activation  energies  are  calculated  is  not  known. 
The  corrected  activation  energy  values  in  Table  4  are 


identical,  however,  to  the  value  of  20  kcal  determined 
by  Bradshaw  (42)  for  copper  surface  diffusion  in  the 
presence  of  5  x  10-u  torr  of  oxygen.  There  are  two 
apparent  mechanisms  for  surface  diffusion  in  which  the 
activation  energies  for  the  movement  of  copper  and  oxygen 
would  be  the  same.  One  possible  mechanism  would  be  the 
joint  migration  of  both  the  copper  and  oxygen  atoms  as 
a  molecular  unit,  such  as  CUgO.  The  other  possible 
mechanism  is  a  ring  rotation  process  in  which  the  move¬ 
ment  of  an  oxygen  atom  in  one  direction  is  balanced  by 
the  movement  of  a  copper  atom  in  the  opposite  direction. 

A  discussion  of  the  mechanism  of  growth  of  the 
oxide  nuclei  on  copper  has  recently  been  published  by 
Rhead  (7).  In  this  paper,  Rhead  analyzed  the  work  of 
Grbnlund  and  arrived  at  the  conclusion  that  "whatever 
diffusion  mechanism  accounts  for  growth  of  the  particles 
it  may  not  be  very  different  from  surface  diffusion  of 
the  metal .  " 

The  variation  of  the  number  of  nuclei  per  unit 
area  with  time  can  not  be  approached  in  the  mathematical 
manner  of  the  above  discussions.  This  is  due  to  the  lack 
of  sufficient  experimental  observations  of  the  relation¬ 
ship  between  time  and  density  of  nuclei.  A  f*w  general 
remarks,  however,  can  be  made.  It  is  expce+ed  that  after 
the  induction  period,  oxide  nuclei  precipitate  on  the 
surface  due  to  the  surpassing  of  a  "critical  concentration 


of  oxygen  in  the  surface  layer.  This  "critical  concen¬ 
tration"  is  the  minimum  oxygen  concentration  in  copper 
which  will  precipitate  oxide  nuclei  at  that  temperature. 

The  surface  layer  involved  in  this  solution  may  extend 
to  several  microns  in  depth  under  certain  conditions. 

At  this  time  the  number  of  nuclei  will  grow  very  rapidly 
to  some  maximum  value  and  the  concentration  of  oxygen 
on  the  surface  between  nuclei  will  fall  to  some  lower 
value,  preventing  further  nucleation.  At  this  point  the 
surface  is  covered  with  many  small  nuclei  and  Ostwald 
ripening  (7*  49)  may  occur  to  some  extent.  (Ostwald 
ripening  is  the  growth  of  larger  precipitate  particles 
at  the  expense  of  the  small  particles  as  a  result  of  the 
variation  of  surface  energy  with  particle  size.)  It 
was  observed  in  this  work  that  the  density  of  nuclei  as 
determined  in  the  electron  microscope  when  the  nuclei 
were  small  was  greater  than  that  determined  in  the  optical 
microscope  at  a  later  time  in  the  oxidation  when  the  nuclei 
were  larger.  The  nuclei  which  remain,  however,  continue 
to  grow  because  of  further  oxidation  and  are  soon  too 
large  for  Ostwald  ripening  to  be  significant  and  the 
density  remains  constant  until  the  nuclei  grow  together 
and  form  a  continuous  film. 

3 .  Topography  of  Oxide  Nuclei  and  Surrounding  Metal 
a.  Surface  of  Oxide 


It  is  clear  that  if  an  oxide  nucleus  were  not 


growing  (i.e.  increasing  in  volume)  it  would,  by  diffu¬ 
sion,  come  into  equilibrium  with  it  environment.  This 
equilibrium  would  be  the  lowest  energy  state  for  the 
system  of  oxide  on  metal,  and  would  be  governed  by  the 
surface  free  energies  and  interfacial  energies  of  the 
metal  and  oxide.  The  oxide  nuclei  observed  in  this  work 
are  not  static  but  are  growing  nuclei  and  their  configu¬ 
ration  will  be  governed  by  the  various  surface  energies 
involved,  the  mode  of  growth,  and  the  diffusion  rates  of 
the  oxygen  and  metal  atoms. 

The  faces  which  might  be  expected  to  develop  on  the 
surface  of  an  oxide  particle,  from  surface  energy  consid¬ 
erations  alone,  would  be  low  index  planes.  Figure  13a 
does  indeed  show  the  existence  of  fairly  well  developed 
(100)  planes  on  small  oxide  nuclei  formed  on  the  (ill) 
face  of  copper.  However,  to  continue  such  growth,  the 
transport  of  material  must  take  place  over  greater  and 
greater  distances.  This  is  because  it  seems  likely  that 
the  majority  of  the  oxide  is  added  to  a  nucleus  at  its 
periphery  and  must  diffuse  to  the  top  of  the  nucleus. 

It  is  clear  that  at  some  point  this  transfer  can  no 
longer  take  place  sufficiently  rapidly  and  the  nuclei 
become  truncated.  This  rounding  off  or  faceting  of  the 
upper  surface  of  the  nuclei  can  be  seen  in  Figs.  12b  and 
13a,  and  in  many  of  the  other  micrographs  in  this  work. 

A  second  type  of  facet  development  which  often 
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occurs  is  seen  in  Fig.  12a.  The  oxide  nuclei  show  two 
low  index  planes  which  are  connected  by  a  rather  poorly 
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the  substrate  surface.  This  configuration  is  apparently 
due  to  the  tendency  for  lateral  growth  resulting  from 
the  addition  of  oxide  to  the  nuclei  at  the  periphery. 

It  is  not  apparent  why  the  (ill)  oxide  plane  parallel 
to  the  surface  is  not  formed  instead  of  the  high  index 
plane  since  the  close  packed  plane  would  have  a  lower 
surface  energy. 

An  analysis  of  the  shape  of  the  oxide  nuclei 
appearing  on  the  (100)  face  of  copper  is  more  difficult. 

It  V3uld  be  expected  from  the  epitaxial  relationships 
observed,  which  show  (ill)  planes  of  oxide  parallel  to 
(100)  copper,  that  nuclei  with  bases  the  shape  of  regular 
equilateral  triangles  should  occur.  In  facu,  the  observed 
nuclei  are  triangular,  with  four  different  orientations 
as  expected,  but  in  raosc  cases  they  tend  to  be  90°,  rather 
than  60°  triangles  (Fig.  9a).  A  close  examination  of 
the  electron  micrographs  of  the  nuclei  reveals  that  many 
of  the  nuclei  show  a  small  section,  either  on  the  top 
of  a  nucleus  or  at  the  tip,  with  the  expected  60°  angles 
(Fig.  9b).  This  portion  of  the  nucleus  also  Teems  to 
show  inclined  (100)  planes,  as  in  the  case  the  nuclei 
on  the  (ill)  face.  The  tendency  for  the  basal  angles  to 
be  greater  than  60°  is  not  a  result  of  misorientation  of 


the  copper  face,  since  each  of  the  four  equivalent 
orientations  shows  the  same  features.  Nuclei  of  this 
type  were  never  observed  on  th»»  (til)  face  and  so  the 
odd  shape  is  apparently  a  result  of  the  basic  symmetry 
difference  of  the  substrate  and  the  oxide  at  their 
interface . 

b .  Topography  of  Metal  in  Vicinity  of  Nuclei 

The  topography  of  the  metal  in  the  vicinity  of  a 
nucleus  is  described  in  Section  1V-D  for  an  oxidized 
(110)  face  of  copper.  This  topography  is  equally  repre¬ 
sentative  of  the  other  surfaces  studied  when  oxidized  at 
sufficiently  high  temperatures.  The  general  features  of 
this  topography  were:  l)  the  oxide  nuclei  always 
appeared  to  penetrate  deeper  into  the  surface  at  their 
outside  edges,  and  2)  the  nuclei  were  always  surrounded 
by  a  mound  of  copper  outside  of  which  there  was  a  shallow 
broad  depression  in  the  surface. 

These  features  are  in  excellent  '-.greement  with  the 
results  of  Menzei  *  ;•  -m  ,  i.  .<••»<  ter  i  s  ti  cs  , 

at  first  glance,  appear  to  oe  most  strange.  However, 
they  are  not  unreasonal  1 c  when  one  considers  the  probable 
mechanisms  of  growth  and  the  volume  changes  which  occur 
during  the  oxidation  process. 

The  growth  of  a  small  volume  of  oxide,  which  was 
formed  initially  in  the  metal  surface  by  a  precipitation 
process,  involves  an  expansion  of  the  unit  cell  of  copper 


0 


lit 


by  6 4$.  Thts  expansion  of  the  lattice  sets  up  local 
stresses  In  the  vicinity  of  the  oxide  nucleus  which  can 
lead  to  slip,  sc  that  as  the  nucleus  grows,  excess  copper 
is  actually  pushed  ahead  of  the  oxide  in  a  ridge.  The 
actual  amount  of  copper  in  this  ridge  will  depend  on  the 
detailed  mechanism  of  the  growth  of  the  oxide  nucleus. 

If  the  growth  of  the  oxide  nucleus  was  the  result 
of  either  oxygen  diffusion  to  the  nucleus  from  the  gas 
phase,  or  of  interstitial  diffusion  of  oxygen  in  the 
metal,  it  would  be  expected  that  the  volume  of  metal 
displaced  by  the  nucleus  would  be  about  39 %  of  the  volume 
of  the  oxide  formed.  This  assumes  that  the  oxide  nucleus 
is  not  expanding  above  the  metal  surface.  On  the  other 
hand,  if  the  growth  of  the  oxide  is  the  result  of  either 
a  substitutional  diffusion  of  oxygen  in  the  bulk  or  at 
the  surface,  the  diffusion  process  removes  a  number  of 
metal  atoms  from  the  oxide-metal  interface  equal  to  the 
number  of  oxygen  atoms  arriving,  so  that  the  volume  of 
metal  pushed  out  by  the  growing  nucleus  would  be  only 
10%  of  the  volume  of  the  oxide  formed. 

It  is  plausible,  whatever  tt.e  usechanicsm  for  growth, 
that  "excess"  copper  will  be  "pushed"  ahead  of  the 
growing  oxide  nuclei  by  a  stress  induced  creep  or  slip. 

In  either  case  the  result  would  be  the  development  of 
a  mound  of  copper  on  the  metal  surface  around  the  oxide 
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nuclei . 


The  oxide,  however,  does  not  contain  itself  to  < he 
original  surface  and  below,  but  also  grows  above  the 
surface.  This  process  reduces  the  quantity  of  metal 
which  must  be  "pushed"  before  the  growing  nuclei. 

The  volume  cf  the  ridge  of  'excess"  metal  observed 
in  high  temperature  oxidation  {Fig.  15)  is  approximately 
30$  rf  the  volume  of  the  nucleus  b^low  the  original 
surface,.  It  is  thus  concluded  that  the  major  mechanism 
of  growth  at  hign  temperatures  is  not  by  diffusion  of 
substitutional  oxygen.  The  mechanism  of  growth  there¬ 
fore  involves  the  arrival  of  oxygen  from  the  gas,  diffa- 
cio«  of  oxygen  on  top  of  the  metal,  or  interstitial 
diffusion.  The  10$  difference  between  the  expected 
and  the  observed  amount  of  metal  in  the  ridge  ahead  of 
the  nuclei  is  due  to  part  of  the  nuclei  growing  nv,nve 
the  original  surface. 

The  existence  of  orivgen  in  the  copper  lattice  ns 
an  interstitial  ion  is  most  unlikely  because  of  the 
large  size  of  the  oxygen  ion  and  this  possibility  is 
therefore  rejected.  Growth  by  arrival  of  oxygen  at  the 
oxids  from  the  gas  phase  should  yield  oxidation  rules 
which  increase  as  the  amount  of  oxide  surface  increases. 
This  is  not  the  observed  kinetics  anti  thus,  this  mechanism 
is  also  ruled  out.  It  is  therefore  concluded  that  the 
mechanism  of  oxide  growth  at  high  temperatures  is  by 
oxygen  dil fusion  on  top  of  the  metal  surface,  in  agree¬ 
ment  with  Men/. el  (50). 


It  is  indeed  difficult  tc  determine  the  exact  nature 


of  the  diffusion  species  which  is  controlling  toe  oxide 
growth.  In  Section  V-A-2 ,  the  similarity  of  activation 
energies,  determined  from  data  on  the  density  of  nuclei, 
and  those  f^r  surface  diffusion  of  copper,  seemed  to 
indicate  that  copper  t?an  the  diffusi:.;.  species*.  This 
agreement  of  numbers,  however,  could  be  merely  coincidence 
since  other  evidence  in  the  literature  (50)  and  from 
this  work  suggests  that  oxygen  is  the  diffusing  species. 
Apparently  under  these  conditions  of  oxidation,  both 
oxygen  and  copper  atoms  ere  highly  mobile  on  the  surface, 
and  in  fact,  the  mobility  of  both  undoubtedly  is  involved 
in  the  overall  process. 

The  slight  depression  in  tne  surface  outside  the 
ridge  of  metal  is  thought  to  form  during  the  cooling  of 
the  sample.  The  phenomenon  of  surface  faceting  on 
cooling  a  copper  sample  which  has  been  exposed  to  oxygen 
at  low  pressure  and  high  temperatures  has  been  observed 
by  Menzel  (6)  and  the  enhanced  development  of  these 
facets  in  the  vicinity  oxide  nuclei  by  Bouillon  (48). 

It  is  to  be  expected,  as  indicated  above,  that 
stresses  would  be  set  up  in  the  vicinity  of  the  oxide 
nuclei,  and  that  these  stresses  could  lead  to  slip 
occurring  in  the  metal.  Figures  14c  and  14d  show  the 
edge  and  tip  respectively  of  $  nucleus  on  the  (110) 
surface.  Extending  out  from  this  nucleus  in  the  [iToi 


direction  are  lines  which  at  the  tip  have  the  appearance 
of  slip  lines.  Farther  back  from  the  tip  of  tne  oxide 
nucleus,  these  lines  clearly  develop  inro  (ill)  planes, 
which  are  the  slip  planes  in  copper  metal.  The  amount 
of  slip  required  to  produce  facets  ox  the  .  e  observed 
would  be,  however,  ouch  greater  than  the  amount  of  slip 
normally  observed  in  pure  copper.  It  is  thought  that 
these  facets  may  actually  be  the  result  of  slip,  but  that 
the  size  of  the  facets  may  have  been  increased  by  the 
process  of  surface  diffusion. 


h .  Structure 
1  •  Adfurr.tlon  Hructures 

The  two  dimensional  structures  reported  in  Section  IV 
for  the  1 1 00 )  and  (ilO)  copper  faces  are  identical  with 
the  adsorption  structures  for  chemisorbed  oxygen  observed 
on  these  faces  by  Lee  (13)  and  Simmons  (l4)  using  low 
energy  electron  diffraction  (LEED).  The  extreme  differ¬ 
ence  between  the  conditions  used  in  the  LEED  work  and  the 
conditions  used  in  this  work  deserves  discussion.  Ir»  the 
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LEED  work,  minimum  oxygen  exposures  of  10  torr  minutes 
for  the  (lift)  face  and  2  x  i0~  torr  minutes  for  tne  (100) 
face  at  room  temperature  were  required  to  produce  the 
adsorption  st^'-cture.  In  the  high  energy  electron 

_o 

diffraction  work,  exposures  of  10  w  * orr  minutes  at 

800°  C  required  to  produce  the  observed  structure. 

u 

It  is  believed  that  the  10  increase  in  oxygen  exposure 
nt  600®  C  is  necessitated  by  the  rapid  solution  of  oxygen 
into  the  netal  at  this  temperature.  (See  discussion  on 
oxygen  solution  in  Sec,  V-C-2.) 

Because  of  the  necessity  of  coding  the  sample  and 
exposing  it  to  the  atmosphere,  in  order  to  transfer  it 
from  the  reaction  vessel  to  the  diffraction  unit,  it  can 
not  be  stated  unequivocally  from  the  above  data  that 
the  observed  adsoj'ptian  st  uciars  was  present  o«  the 
sample  at  the  end  of  the  oxidation  period.  It  is  thought, 
nevertheless,  that  a  tve  dimensional  adsorption  structure 


of  tbe  type  observed  above  does  exis-  n  the  copper 
surface  a i  elevated  temperatures  in  the  presence  of 
oxygen.  The  structures  observed  by  high  energy  electron 
diffraction  were  a  function  of  the  react. on  conditions. 

It  can  be  stated  that  the  structure  observed  was  dependen 
on  the  oxidation  conditions  and  not  on  the  cooling  rate 
of  the  sample  or  the  reaction  of  the  sample  with  air 
during  the  transfer  from  the  reaction  system  to  the 
diffraction  apparatus,  since  the  adsorption  structure 
observed  varied  with  the  oxidation  conditions.  The  work 
of  Sewell  (51)  on  the  reaction  of  oxygen  with  nickel 
provides  additional  support  for  the  existence  of  such 
adsorption  structures  on  metals  at  elevated  temperatures. 
In  this  work,  the  diffraction  patterns  from  a  nickel 
crystal  exposed  to  a  low  pressure  of  oxygen  in  an  ultra- 
high  vacuum  diffraction  unit  (52)  were  studied  at  high 
temperatures.  This  study  showed  not  only  the  existence 
of  diffraction  lines  from  the  metal  and  from  nickel 
oxide  nuclei,  but  also  the  presence  of  lines  from  a  two 
dimensional  adsorption  structure. 

It  should  also  be  pointed  out  that  many  of  the 
diffraction  patterns  showed  both  diifrcction  lines  from 
oxide  nuclei  os  well  as  from  an  adsorption  structure. 

This  demonstrated  the  presence  of  an  oxygen  adsorption 
structure  between  the  nuclei  at  the  time  of  observation, 
and  indicated  that  such  a  structure  probably  existed 
during  the  reaction. 


An  interesting  question  which  arises  is,  why  should 
such  a  thin  surface  structure  be  sufficiently  stable  to 
further  oxidation  that  it  can  be  transferred  in  air  from 
the  reaction  vessel  to  the  diffraction  unit  without 
modification?  The  answer  to  this  question  is  not  yet 
available.  However,  both  Lee  (13)  and  Simmons  (14)  have 
found  that  the  adsorption  structures  on  copper  are 
remarkably  resistant  to  further  oxidation  at  room  tem¬ 
perature. 

The  diffraction  data  for  the  (311 )  face  shown  in 
Figs.  24a  and  24b-  has  not  yet  been  interpreted.  There 
is  no  tEED  work  available  on  this  face  of  copper  for 
comparison.  It  seems  apparent,  however,  that  this 
pattern  is  also  due  to  a  two  dimensional  adsorption 
structure  on  the  metal  surface. 

2 .  Pi f fraction  Patterns  Corresponding  to  Large  Lattice 
Parameters 

The  <iif fraction  patterns  reported  in  Section  IV-I-2 
shewed  a  very  small  spacing  of  diffraction  lines  which 
indicated  a  two  dimensional  centered  rectangular  cell  of 
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dimensions  15.1  A  by  26.2  A  on  the  (ill)  face  after  a 
short  oxidation.  A  similar  pattern  has  been  reported 
by  JCrause  (53).  In  Krause’s  experiments,  the  diffraction 
pattern  was  obtained  from  a  (11  i)  face  of  a  copper  sphere 
which  had  a  thin  film  of  copper  evaporated  onto  its 
surface  at  room  temperature  and  was  then  annealed  at 


500°  C  in  a  rather  poor  vacuum  of  5  x  10*^  torr.  Krause 
Also  stated  that  a  similar  pattern  could  be  obtained 
after  a  slight  thermal  oxidation  of  this  copper  sample. 

Krause  has  proposed  that  the  diffraction  pattern 
observed  can  be  explained  on  the  basis  of  a  hexagonal 
array  of  screw  dislocations  at  the  interface  between 
the  substrate  and  a  slightly  disoriented  evaporated 
copper  film.  It  seems  likely,  as  shown  below,  that  this 
is  a  possible  explanation,  but  it  is  probably  not  the 
correct  one. 

The  diffraction  pattern  observed  in  this  study 
corresponds  to  a  reciprocal  lattice  consisting  of  a 
hexagonal  array  of  rods,  and  the  real  lattice  derived 
from  this  is  a  planar  array  of  points  in  a  hexagonal 
arrangement.  It  is  not  possible  to  locate  the  atoms 
specifically  in  this  structure,  but  only  to  say  that 
the  structure  shows  the  periodic  scattering  array  indicated 
by  the  two  dimensional  lattice. 

There  are  a  number  of  possible  phenomena  which 
could  lead  to  periodic  structures  giving  the  required 
type  of  reciprocal  lattice.  The  most  likely  structures 
are  discussed  below. 

Probably  the  simplest  two  dimensional  structure 
which  would  give  the  observed  reciprocal  lattice  is  a 
hexagonal  array  of  oxygen  atoms  adsorbed  on  the  metal 
surface  with  the  observed  cell  size.  There  are  two 
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factors  which  make  this  possible  structure  rather  unlikely. 
First,  it  is  highly  unlikely  that  adsorbed  oxygen  atoms 
spaced  15  A  apart  on  the  surface  would  hove  sufficient 
influence  on  each  other  to  create  and  hold  together  the 
perfectly  regular  large  spaced  lattice  observed,  although 
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possible  adsorption  sites  approximately  15  A  apart  do 
exist  on  the  (ill)  surface.  Secondly,  in  such  an  adsorp¬ 
tion  structure  only  a  small  fraction  of  the  surface  would 
consist  of  oxygen  atoms,  and  with  the  small  electron 
scattering  factor  of  oxygen  the  diffracted  intensity 
would  be  extremely  low  and  probably  undetectable. 

A  possible  structure  which  si  raid  be  considered  is 
that  of  a  superlattice  of  oxygen  in  copper.  It  is  quite 
clear  from  the  data  in  the  results  that  oxygen  is  dissolved 
in  the  metal.  An  ordered  array  of  oxygen  atoms  in 
substitutional  sites  in  the  copper  lattice  can  be  con¬ 
ceived  which  would  give  the  proper  shape  for  the  recipro¬ 
cal  lattice.  However,  if  the  structure  is  based  on 
substitutional  oxygen,  it  is  not  possible  to  derive  a 
superlattice  with  the  proper  dimensions  without  changing 
the  copper  parameters,  and  no  change  in  these  parameters 
has  been  observed.  An  interstitial  location  of  the 
oxygen  atoms  seems  unreasonable  from  the  viewpoint  of 
the  size  of  the  oxygen  atom. 

A  two  dimensional  superlattice  cf  oxygen  and  copper 
on  the  surface  of  the  (ill)  plane  of  copper  is  likewise 


ruled  out  on  the  basis  that  the  repeat,  distance  in  the 
observed  structure  is  not  an  integral  multiple  of  a 
normal  repeat  distance  for  Conner  atoms  in  this  plane. 

Another  possible  explanation  of  the  observed 
diffraction  pattern  is  that  there  exists  a  two  dimen¬ 
sional  hexagonal  network  of  interfacial  dislocations 
between  an  oxide  and  the  metal  surface.  An  array  of 
screw  dislocations  resulting  from  a  small  rotational 
disorientation  about  the  fill]  axis  could  lead  to  a 
periodic  arrangement  of  atoms  at  the  interface  which 
would  give  the  desired  reciprocal  lattice.  Krause  (53) 
has  suggested  this  explanation  for  his  results,  only  he 
has  attributed  the-  pattern  observed  to  a  rotational 
disorientation  of  deposited  copper.  This  is  highly 
unlikely  since  his  diffraction  pattern  is  identical  to 
the  patterns  observed  in  this  work  where  the  copper 
crystals  were  only  exposed  to  oxygen.  It  is  apparent 
that  his  pattern  is  also  due  to  the  presence  of  oxygen 
from  his  annealing  treatment  in  a  poor  vacuum.  This 
still  does  not  rule  out  the  interfacial  dislocation 
ex. lanation,  however.  The  high  intensity  and  the  sharp¬ 
ness  of  the  diffraction  lines  indicate  a  very  high  regu¬ 
larity  in  whatever  structure  there  is  which  leads  to  the 
pattern.  So  far,  no  observed  networks  of  interfacial 
dislocations  reported  in  the  literature  have  shown 
anywhere  near  the  regularity  which  would  be  required  (51*). 


A  rotation  of  the  oxide  about  the  jj.ll]  axis  by  about 
two  degrees  would  be  required  to  give  a  screw  dislocation 
network  of  the  dimensions  required.  There  is  no  evidence 
in  this  study  to  indicate  rotational  disorientations  of 
this  order  of  magnitude  on  the  (ill)  face. 

It  is  a* so  possible  to  ♦  link  of  a  network  formed 
of  an  array  of  edge  dislocations  resulting  from  the 
misfit  between  the  oxide  and  the  copper  substrate. 

However,  from  the  measured  differences  in  lattice  para¬ 
meters  of  the  oxide  and  metal,  the  network  of  disloca¬ 
tions  expected  would  be  much  smaller  than  the  dimensions 
required  to  explain  this  pattern. 

The  solution  of  oxygen  in  copper  might,  under 
suitable  conditions  lead  to  a  periodic  arrangement  of 
thin  platelets  of  precipitated  Cuo0.  Such  a  periodic 
array  has  not  been  observed,  and  it  seems  unlikely  that 
precipitation  of  oxide  would  show  the  high  degree  of 
regularity  necessary. 

A  final  possibility,  which  is  purely  conjectural, 
is  that  in  the  solid  solution  of  oxygen  in  copper  there 
is  a  periodic  variation  of  oxygen  concentration.  This 
would  lead  to  cxygen-poor  regions  with  a  lattice  parameter 
slightly  smaller  than  tb^t  for  the  uniform  selid  solution 
and  oxygen-rich  regions  with  a  slightly  larger  lattice 
parameter.  This  essentially  amounts  to  a  displacement 
type  disorder  that  could  lead  to  "side-band"  type 
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diffraction  patterns  (55)  similar  to  those  observed  in 
a  number  of  metal  solid  solutions  (;'6). 

5 .  Epitaxy 

The  first  part  of  this  discussion  is  on  the  orien¬ 
tation  of  oxide  nuclei  observed  on  various  crystal  planes 
while  the  latter  part  is  concerned  with  the  lateral 
compression  existing  in  very  thin  oxide  films  as  a 
result  of  epitaxial  forces. 

a.  Orientation 

Cuprous  oxide  was  the  only  oxide  formed  on  the 
copper  surface  under  the  conditions  used  in  this  work. 

The  orientation  relationships  observed  and  reported  in 
Section  IV-C  for  the  (ill),  (110),  and  at  low  tempera¬ 
tures  on  the  (100)  faces  of  copper  are  the  same  as  those 
reported  by  Lawless  {51)  and  Menzel  (58).  The  high 
temperature,  high  pressure,  epitaxial  relationships 
observed  on  the  (100)  face  (Fig.  10b)  have  not  been 
previously  reported  in  the  literature.  Lee  (13)  however, 
reports  an  adsorption  structure  which  was  formed  at 

room  temperature  at  oxygen  exposures  of  3  x  10-^  to 
-5 

3  x  10  torr  minutes  which  is  strikingly  similar.  This 
struct  re  is  reported  as  an  oblique  cell  with  sides 
running  in  the  jo5ll  and  [oil]  directions  on  the  (100) 
copper  surface,  with  all  four  of  the  equivalent  orien¬ 
tations  present. 
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The  only  relationship  which  can  be  drawn  from  the 
observed  epitaxy  is  that  with  the  exception  of  the  high 

tenmerature  form  of  nuclei  on  the  (100)  face,  there  is 

*  »  » 

always  a  parallelism  of  one  closest-packed  direction  in 
the  oxide  and  metal.  Although  it  is  clear  that  the 
epitaxy  which  is  obtained  must  be  the  one  of  minimum 
interfacial  energy,  it  is  not  clear  what  factors  deter¬ 
mine  the  interfacial  energy.  It  is  apparent  that  the 
magnitude  of  the  interfacial  misfit  is  not  the  only 
factor  in  determining  this  energy  since  it  is  possible 
to  choose  orientations  on  some  planes  which  would  have 
a  smaller  misfit. 

b.  Compression 

It  was  found  that  a  (ill)  copper  surface,  which  had 
been  oxidized  at  500°  C  or  above  in  an  oxygen  pressure 
of  10  torr  or  less  for  &  time  slightly  less  than  that 
required  to  produce  oxide  nuclei  on  the  surface,  showed 
an  oxide  phase  in  glancing  angle  electron  diffraction 
after  cooling.  The  surface  of  these  samples  as  seen  in 
the  electron  micrographs  (Fig.  18b)  consisted  of  shallow 
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steps  with  very  smooth  planes  approximately  5000  A  wide 
between  steps.  The  diffraction  pattern  (Fig.  19)  indi¬ 
cated  that  the  oxide  phase  on  these  surfaces  was  present 

O 

as  a  continuous  film  on  the  order  of  5  -  15  A  thick. 

It  is  thr-  ght  that  this  oxide  was  formed  by  precipita¬ 
tion  of  dissolved  oxygen  as  the  sample  cooled. 


On  the  (ill)  faoe  this  oxide  film  is  compressed 
i.1%  in  the  plane  of  xhe  surface.  One  possible  explana¬ 
tion  for  this  result  is  that  the  oxide  on  the  (ill)  face 
is  strongly  bound  to  the  underlying  metal  and  that  when 
the  metal  cools  to  room  temperature,  h if,  thermal  contrac¬ 
tion  being  greater  than  that  of  the  oxide  will  result  in 
an  abnormal  compression  of  the  oxide  film.  The  magni¬ 
tude  of  the  resulting  compression  for  a  temperature  drop 
of  750°  C  is  approximately  the  amount  observed.  However, 
this  explanation  would  yield  &  compression  that  is  a 
function  of  the  oxidizing  temperature  and  no  such  de¬ 
pendence  was  found jfcr  oxidations  between  500*  C  and 
800°  C. 

A  much  more  likely  explanation  of  the  observed 
lateral  compression  of  the  oxide  on  the  (ill)  face  comes 
from  the  theory  of  Van  der  Merwe  (59).  In  this  theory 
Van  der  Merwe  determined  the  interfacial  energy  as  a 
function  of  the  inxerfacial  misfit  between  two  phases. 

He  then  proposed  that  if  one  of  the  phases  is  present  as 
a  thin  film,  a  homogeneous  plane  strain  will  occur  in 
the  film  in  such  a  direction  as  to  reduce  the  density  of 
interfacial  dislocations  and  thus  the  energy  in  the 
interface.  then  calculates  that  the  strain  resulting 
in  the  minimum  energy  for  the  system  is  given  by: 
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(l-2<r)(2-/)(i-ff)  yuQ  a 
S V?(l-0')(2+l)f/aa  h 


@  In  j~2  £  (1+  $2)^  -  2p> 


where , 


A  8^a  f 

'  - T^TTT — - 

/<a,/'b»/^o  *  r“«ldit5r  Edwins 


^a*  ^  ~  *>c*8S6a<>s  ratios 


a  =  lattice  parameter  of  film 

b  =  lattice  parameter  cf  substrate 

© 

h  =  film  thickness  in  A 

(subscripts  a,  b,  o  refer  to  film,  substrate,  and 
interface  respectively) 


To  obtain  a  numerical  solution  ol  this  equation 
one  needs  to  know  the  elastic  properties  of  the  oxide, 
the  metal,  and  the  interface.  These  quantities  have 
never  been  determined  for  the  oxide  or  the  interface. 

In  order  to  estimate  the  magnitude  of  the  strain  in  a 
thin  parallel  oriented  oxide  on  the  (ill)  face  of  copper, 
assume  that 

0“a  ~6~h  =  CT  -  .3  an* 

-  -'■>*-  _  ^ 

With  f  «  .15,  and  a  =  2.^7  Av  the  e^uatioxs  for  C  reduces 

III 

to 

y 

c. 

m 

where  the  minus  aign  indicates  compression,  F;;r  a  fils 
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ten  angstroms  thick  the  compression  of  the  film  would 
be  <2^i  This  value  Is  somewhat  less  than  the  observed 
compression  but  in  view  of  the  assumptions  necessary 
to  get  a  numerical  solution,  the  disagreement  is  not 
unreasonable. 

It  should  be  pointed  out  that  Borie  (60)  has  obtained 
comparable  results  for  oxide  grown  on  the  (110)  face  of 
copper.  A  refined  x-ray  diffraction  technique  was  used 
in  these  studies  and  it  was  determined  that  the  oxide 
lattice  planes  parallel  to  the  metal  surface  were  ex¬ 
panded  in  a  direction  normal  to  the  surface  by  about 
1  -  2%.  This  is  comparable  to  the  lateral  compressions 
observed  in  the  present  work. 


* 
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C.  Kinetics  of  Oxidation 
1.  Sample  Shape 

Before  a  proper  interpretation  of  the  kinetics  of 
the  oxidation  of  copper  can  be  given,  an  analysis  of  the 
effect  the  sample  size  and  shape  may  he  playing  on  the 
measurement  of  total  uptake  of  oxygen  by  the  sample  must 
be  made*  As  stated  in  the  section  on  sample  preparation, 
the  samples  were  of  disc  shape,  approximately  1  mm  thick 
and  9  mm  radius.  For  this  shape  approximately  10£  of  the 
total  surface  is  composed  of  crystal  faces  other  than  the 
face  under  investigation.  If  the  major  surface  is  the 
(ill),  an  examination  of  the  kinetic  data  shows  that  an 
"average  surface"  oxidized  at  approximately  one  third 
the  rate  of  the  (ill)  face  and  thus,  the  contribution 
to  the  total  uptake  by  the  edge  of  the  sample  would  be 
approximately  3$.  An  "average  surface"  is  defined  as  a 
surface  giving  an  oxidation  rate  corresponding  to  a 
weighted  average  cf  the  rates  of  all  of  the  crystal 
faces.  On  the  other  hand,  if  the  major  surface  is  a 
(100),  then  the  "average  surface"  will  oxidize  about  3 
times  as  fast  as  the  (100)  face  and  the  edge  of  the  sam¬ 
ple  will  represent  30#  of  the  total  uptake  by  the  sample. 
Calculating  the  kinetic  rates  on  the  basis  that  all  of 
the  sample  area  is  composed  of  the  one  crystal  face, 
thus  leads  to  values  approximately  7#  low  for  the  (ill) 
face  and  approximately  20#  high  for  the  (100)  face. 
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These  two  calculations  represent  the  range  of  errors 
due  to  the  presence  of  the  edge  area.  For  a  surface 
such  as  a  (311 )  at  300°  -  400°  C  where  the  oxidation 
rate  is  about  the  same  as  that  of  an  average  surface, 
there  would  be  no  error  in  assuming  that  all  of  the  sur¬ 
face  is  the  (311)  surface. 

2.  Induction  Period 

It  has  been  suggested  by  various  workers  (9,  10,  11) 
that  the  induction  period  is  due  to  oxygen  solution  into 
the  copper  lattice.  It  is  thus  desirable  to  investigate 
first  the  data  in  the  literature  on  oxygen  solution  in 
copper  and  then  to  compare  the  kinetic  data  obtained  in 
this  work  during  the  induction  period  in  the  light  of 
this  data.  With  this  information  and  a  knowledge  of  the 
nature  of  the  surface  during  the  induction  period, 
speculation  as  to  the  mechanism  of  oxidation  and  the 
rate  controlling  step  can  be  made. 

a.  Solution  of  Gas  in  the  Metal 

The  ability  of  copper  to  dissolve  oxygen  has  been 
known  for  many  years.  However,  the  data  available  from 
several  investigators  on  this  solubility  shows  consid¬ 
erable  disagreement  (Fig.  36)  and  the  diffusion  rate 
of  oxygen  in  copper  has  not  yet  been  determined  experi¬ 
mentally,  However,  from  the  work  of  Van  Der  Schrick 
(9»  6l)  on  the  oxidation  of  copper,  an  approximate  value 
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cf  the  diffusion  constant  for  oxygen  in  copper  can  be 
calculated.  This  calculation  is  made  by  comparing  the 
amount  of  oxide  determined  gravimetriclly  and  by  electro¬ 
metric  reduction.  If  the  difference  in  the  two  results 
is  taken  to  be  the  quantity  of  oxygen  disoolved,  and  if 
it  is  assumed  that  the  surface  concentration  is  equal 
to  the  solubility  limit  of  oxygen  in  copper  (C  )  at  that 
temperature  for  all  times,  then  the  diffusion  coefficient 
can  be  calculated  from  the  equation  (62): 


u  =  - g- 

4t-rPCg 

where , 

^dis  =  <*uantity  °*ygen  dissolved 
t  =  time  of  experiment 

C  =  solubility  limit  of  oxygen  in  copper  as  obtained 
from  Fig.  36. 


An  average  of  Van  Der  Schrick’s  data  gives  a  value 
of  D  at  550°  G  of  approximately  10  cm  /see  if  an  average 
of  the  solubilities  shown  in  Fig.  36  is  used  for  C  . 

It  is  also  possible  to  make  approximate  calculations  of 
the  diffusion  rate  of  oxygen  in  copper  at  900°  C  from 
the  work  of  Young  (63)  on  the  internal  precipitation  of 
oxide  nuclei  in  copper  on  cooling.  In  this  work  it  was 
found  that  significant  oxide  was  precipitated  at  a 
depth  of  2  mm  after  a  6  hour  exposure  of  the  sample  to 
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oxygen  at  900°  C.  From  the  formula  (64) 


(x,t)  "  s 


=  C  / 1  -  erf 


2/Dt" 


if  ^  is  assumed  to  be  at  least  V2  Cg ,  then  D  must 

be  >10"’^cm^/sec .  This  calculation  has  the  advantage 
that  it  is  independent  of  C  ,  which  is  in  some  doubt, 
but  since  no  information  is  given  on  the  maximum  depth 
at  which  oxide  was  formed,  no  calculation  can  be  made  as 
to  the  upper  limit  of  D.  Figure  35  gives  D  as  a  function 
of  temperature  for  several  diffusion  species  in  copper 
for  comparison  with  oxygen  diffusion  as  calculated  above 
(dashed  line),  and  for  oxygen  diffusion  in  silver  and 
silver  self  diffusion. 

From  the  fact  that  the  oxidation  rate  is  constant 
during  the  induction  period,  it  is  apparent  that  the 
diffusion  of  oxygen  into  the  bulk  of  the  sample  is  not 
the  rate  controlling  process.  Instead,  the  rate  con¬ 
trolling  process  appears  to  be  a  surface  step  in  which 
0g  is  involved.  Using  the  diffusion  data  in  F?g.  35, 
the  oxidation  rate  calculated  from  Fig.  28,  and  the  in¬ 
duction  period  data  from  Fig.  5,  the  oxygen  concentration 
at  the  surfa< e  (C  )  when  oxide  nuclei  are  formed  can 
be  calculated  by  the  formula  (62; 


Cs  * 


_ 

\|  t 


where, 


4  <t  4 
4.JX 


J  =  oxidation  rate 
D  =  diffusion  rate 
t  =  induction  time. 

This  formula  is  valid  if  D  is  independent  of  con¬ 
centration  and  the  initial  oxygen  concentration  in  the 
metal  is  zero. 

The  values  of  Cg  obtained  in  this  manner  are  a 

function  of  oxygen  pressure,  crystal  face,  and  oxidizing 

temperature.  They  are  greater  the  lower  the  temperature 

and  the  higher  the  oxygen  presure,  and  approximately  an 

order  of  magnitude  larger  for  the  (lil)  face  than  any 

other  face  under  similar  conditions.  For  the  (ill)  face 
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at  10  torr  and  300°  C,  an  oxygen  concentration  of 
1  atom  %  is  required  for  precipitation  while  for  the 
(100)  face  at  700°  C  at  10~^  torr  a  concentration  of 
only  .01  atom  #  is  required  for  precipitation.  These 
values  which  indicate  the  range  of  concentration  are 
considerably  above  the  solubility  limits  given  in  Fig  36. 
This  is  to  be  expected  since  the  solubility  limit  values 
in  Fig.  56  represent  the  concentration  of  oxygen  in  copper 
which  exists  in  equilibrium  with  copper  oxide.  On  the 
other  hand,  the  critical  concentrations  determined  above 
represent  the  oxygen  concentration  in  copper  which  will 
cause  the  precipitation  of  an  oxide  phase  at  a  moderately 
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rapid  rate.  This  supersaturation  of  the  copper  lattice 
is  a  necessary  requirement  for  the  nucleation  of  an 
oxide  phase,  because  there  exists  an  activation  energy 
for  nucleating  a  new  phase.  In  this  case,  the  activation 
energy  not  only  involves  the  free  energies  of  the  various 
surfaces  but  also  the  hydrostatic  strains  due  to  the 
larger  molar  volume  of  the  precipitate  (65). 

A  second  observation  which  supports  the  existence 
of  a  large  supersaturation  of  the  copper  lattice  at  low 
temperatures  is  that  once  oxide  nuclei  are  formed, 
essentially  all  of  the  oxygen  thnt  had  been  taken  up 
by  the  sample  during  the  induction  period  is  precipitated 
on  the  surface.  That  is,  if  one  looks  at  the  time  series 
of  oxidation  on  the  (ill)  face  at  400°  C,  which  is  shown 
in  Pig.  8,  the  amount  of  oxide  on  the  surface  at  5  minutes 
is  not  equivalent  to  the  amount  of  oxygen  taken  up  by 
the  sample  in  the  interval  from  the  preceding  lecture. 

It  is  equivalent  to  the  total  amount  of  oxygen  taken  up 
by  the  sample  since  the  oxidation  began.  When  oxida¬ 
tions  are  per ff rood  at  temperatures  above  600°  C,  the 
supersaturation  which  occurs  is  much  smaller  and  a 
significant  portion  of  the  oxygen  taken  up  by  the  sample 
is  lost  to  solution  into  the  bulk  and  thus  does  not 
precipitate  on  the  surface.  It  is  therefore  concluded 
that  solution  of  oxygen  in  the  metal  is  a  reasonable 
explanation  of  the  induction  period. 


The  other  possible  explanations,  dissociation  of 
the  oxide  to  metal  and  oxygen  and  evaporation  of  the 
oxide  can  be  ruled  out  by  the  arguments  presented  by 
Van  Der  Schrick  (9).  The  possibility  that  the  induction 
period  is  du«'  to  reduction  of  the  oxide  by  residual 
gases  in  the  vacuum  system  or  by  dissolved  gases  in  the 
sample  can  also  be  eliminated.  The  first  because  the 
concentration  of  residual  gases  in  the  system  is  known 
to  be  much  too  small.  The  second  because  variation  of 
outgassing  treatments  fail  to  influence  the  duration 
of  the  induction  period  except  in  the  case  when  hydrogen 
is  known  to  be  dissolved  in  the  sample. 

b.  Nature  of  Surface 

The  fact  that  the  sticking  coefficients  obtained 

in  this  work  for  the  induction  period  were  on  the  order 
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of  10  indicates  that  the  metal  surface  is  covered  by 
a  layer  of  some  type.  This  is  based  on  the  fact  that 
low  energy  electron  diffraction  (LEED)  work  indicates 
that  oxygen  chemisorption  on  a  clean  copper  surface  is 
essentially  non-activated  (66)  and  thus,  for  a  clean 
copper  surface,  a  sticking  coefficient  of  approximately 
one  would  be  expected. 

It  is  suggested,  from  the  discussion  in  Section 
V-B-l,  that  the  surface  of  the  metal  during  the  induction 
period  is  actually  covered  with  a  chemisorbed  structure 
consisting  of  both  oxygen  and  copper  atoms.  Such  a  layer 


on  the  surface  would  decrease  the  probability  that  an 
arriving  oxygen  molecule  would  stick  and  the  low  sticking 
coefficients  observed  would  be  expected. 

c.  Hate  Controlling  Step 

The  rate  controlling  process  must  take  place  on 
or  across  this  surface  adsorption  structure  since  it 
involves  the  oxygen  molecule  as  sho\vn  by  the  linear 
dependence  of  oxidation  rate  on  oxygen  pressure.  Trapnell 
(67)  suggests  that  the  limiting  process  may  be  the  trans¬ 
fer  of  oxygen  into  the  underlying  lattice  by  a  place 
exchange  mechanism  which  requires  an  02  molecule  on  the 
surface  before  it  can  occur.  Another  possible  limiting 
mechanism  is  the  transfer  of  electrons  through  the 
chemisorbed  structure  to  the  02  molecules  on  the  surface. 
This  is  similar  to  the  mechonism  proposed  by  Hideal  and 
Jones  (68)  in  1929  for  the  rate  controlling  step  in  the 
oxidation  of  raetals  such  as  tungsten  in  which  the  oxides 
produced  are  volatile. 

It  would  appear  that  the  magnitude  of  the  activa¬ 
tion  energy,  the  frequency  factor  and  their  variation 
with  crystal  face  could  be  used  to  determine  if  one  of 
these  models  is  correct.  However,  too  little  is  known 
at  this  time  to  make  such  an  evaluation. 

3*  Nucleation  and  Growth  Period: 

At  the  end  of  the  induction  period  there  was  no 
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abrupt  change  in  the  oxidation  rate.  Instead,  the  rate 
slowly  decreased  from  the  J  =  k  law  tc  a  law  closely 
approximated  by  J  =  kt  .  Tv  is  suggested  that  this 
decrease  in  the  oxidation  rate  *s  due  to  the  covering 
up  of  tb.a  metal  surface  by  the  oxide  nuclei. 

If  the  probability  of  an  oxygen  molecule  etrikfng 
an  oxide  nucleus  and  being  permanently  retained  by  the 
surface  in  much  loss  than  the  probability  of  retention 
for  oxygen  striking  the  surface  in  between  the  nuclei, 
then  tho  rate  of  oxidation  J  t cr  unit  area  will  be  the 
rave  per  unit  area  of  metal  (jw)  times  the  fraction  of 

the  surface  which  is  metal 

—2  *»1  _2  —1  /%m 

J  (g  cm”  sec  )  -  j  (g  cm”  sec”  )  x  7—  (equation  l) 

in 

where  A^is  the  total  surface  area. 


/a  \ 

That  ..s, 

\V 


The  rate  J  is  equal  to  ^  ,  the  rate  of  change  of 

the  total  quantity  of  oxygen  taken  up  by  the  sample. 

/A  \ 

Also,  the  fraction  of  surface  which  is  retail  7—  plus 

\v 


A  \ 

the  fraction  which  is  oxide  f  7— \  must  be  equal  to  i. 

\  T I 

Making  these  two  substitutions  in  equation  iv  one  obtains 


(equation  2) 


Horever,  (  is  a  function  of  Q  in  the  following  manner: 

\  *7 

llcC  NVn>  Thai  is,  the  amount  of  oxide  on  the  surface 
per  square  centimeter  is  proportional  to  the  volume  of 
the  individual  nuclei  (Vn)  times  their  density  on  the 
surface  in  numbers  per  square  centimeter  (N).  If  it  is 
assumed  that  the  nuclei  are  in  the  form  of  circular 
cones,  then,  the  volume  cf  a  nucleus  is  equal  to  1/"lT'r  h, 
where  r  is  the  radius  of  a  nucleus,  and  h  is  the  height 
of  a  nucleus.  If  the  height  of  a  nucleus  is  proportional 
to  some  power  x  of  the  radius,  then  from  equation  2, 
the  amount  cf  oxide  on  a  surface  is  related  to  the  radius 
of  the  nnelei  by 

'■i  o c  r^2+x^  (equation  3) 

The  area  covered  by  oxide  is,  however, 

2 

A  =  NlPr  and  thus 
o 

Aq  /’n~'  <r+x  (equation  4) 

Substituting  equation  4  into  equation  2  and  rearranging, 
one  obtains 


2 

'J+x 


2+x 

1  -  ki} 


dt 


(equation  5) 


Since  <  1,  this  equation  can  be  expanded  into  a 


power  series  of  the  form 


139 


1  kQ 
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57x 
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dQ/^dt  (equation  6) 


which  on  integration  yields  (if  at  t  =  0,  Q  =  0) 


2+x 

77? 


kQ 


h+x 

57? 


2+x 

6+x 


6+x 

k2Q2+x 


=  k»  t 


(equation  7) 

which  vithin  the  experimental  accuracy  can  be  represented 
by 

k 

T 

Q  =  k"  t  or,  in  terms  of  the  rate  of  oxidation, 
by 


J  =  k‘" 


if  y2«x^y3. 


k.  Continuous  oxide  film 

When  sufficient  metal  surface  has  been  covered  by 
the  oxide  nuclei,  the  contribution  to  the  total  rate  of 
oxidation  by  oxidation  occurring  on  the  surface  of  the 
oxide  becomes  significant  and  the  J  =  kt  law  no 
longer  holds.  At  this  point  the  rate  controlling  process 
becomes  transport  through  the  oxide  and  a  parabolic  rate 


law  is  obtained. 


v'i'SWr';W';v .  ''‘Mft&iHpuK,.  ._,  ,■  r-  "  I  ij(' 


IV) 


VI.  CONCLUSIONS 

The  early  stages  of  the  thermal  oxidation  of  clean 
copper  surfaces  in  low  pressures  of  oxygen  between 
150°  C  and  900°  C  have  been  studied.  Topographic  features 
of  the  surfaces  were  determined  by  means  of  optical  and 
electron  microscope  observations.  Structural  features 
were  ascertained  from  high  energy  electron  diffraction 
studies.  Kinetic  data  were  obtained  from  continuous 
measurements  of  the  oxygen  pressure  decrease  in  a  closed 
reactor  vessel. 

The  general  features  of  the  reaction  of  oxygen  with 
copper  were  as  follows: 

1)  For  a  short  period  of  time  after  admitting  oxygen 
to  the  copper  surface,  no  oxide  formed.  The  time  before 
oxide  appeared  on  the  surface  is  referred  to  as  the 
induction  period  and  was  found  to  be  a  function  of  crystal 
face,  temperature,  and  oxygen  pressure. 

2)  This  induction  period  was  followed  by  the  sudden 
appearance  of  isolated  oxide  nuclei.  The  number  of 
nuclei/cm  grew  rapidly  to  some  maximum  value  and  then 
decreased  slightly,  after  which  the  number  remained 
constant  until  the  nuclei  began  to  grow  together  to 
produce  a  continuous  oxide  film. 

A  reasonable  mechanism  for  this  oxidation  process 
can  be  proposed,  based  primarily  on  the  data  obtained 
in  this  study. 
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The  first  process  involved  in  the  interaction  of 
oxygen  with  clean  copper  surfaces  is  chemisorption. 

This  process  is  essentially  non-activated  and  the  sticking 

coefficient  is  high.  Thus,  at  a  pressure  in  he  range 

-4  -2 

of  10  to  10  torr  a  complete  adsorption  layer  would 
be  formed  in  less  than  a  second.  This  chemisorbed  layer 
is  rapidly  converted  to  an  ordered  adsorption  structure 
by  a  process  of  diffusion  of  both  copper  and  oxygen  atoms. 
Evidence  for  the  formation  and  existence  of  such  a  struc¬ 
ture  comes  both  from  LEED  studies  and  from  high  energy 
electron  diffraction  data.  This  adsorbed  layer  is 
remarkably  protective  and  the  sticking  coefficient  falls 
to  values  of  about  10  . 

Oxygen  adsorption  on  this  structure  is  associated 
with  the  solution  of  oxygen  into  the  metal  lattice. 
Electron  diffraction  and  electron  microscope  data  give 
no  indication  of  the  formation  of  an  oxide  pha.se  during 
this  induction  period.  The  kinetic  data  obtained  during 
this  solution  process  reveal  that  the  rate  of  oxygen 
uptake  by  the  sample  is  directly  proportional  to  the 
oxygen  pressure  and  the  rate  is  constant  with  respect  to 
time.  This  indicates  that  the  adsorption  layer  on  the 
metal  is  essentially  unchanged  during  this  process  and 
that  the  rate  controlling  step  involves  the  oxygen 
molecule. 

When  sufficient  oxygen  has  dissolved  into  the 
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metal  to  produce  a  critical  concentration  of  oxygen  in 
the  copper  lattice,  cuprous  oxide  is  precipitated.  This 
critical  concentration  is  probably  closely  related  to 
the  stresses  created  in  the  lattice  as  a  result  of  the 
oxygen  solution.  This  precipitation  of  oxide  produces 
nuclei  distributed  randomly  over  the  surface.  The  initial 
growth  of  these  oxide  nuclei  reduces  the  oxygen  concen¬ 
tration  in  their  vicinity  and  further  nuoleation  of  oxide 
can  no  longer  occur.  At  this  time  there  exist  many 
nuclei  on  the  surface,  the  smaller  of  which  are  incor¬ 
porated  into  the  larger  nuclei  by  a  process  of  Ostwald 

.  o 

ripening.  The  final  number  of  nuclei/cm'"  is  directly 
proportional  to  the  oxygen  flux  as  would  be  expected  if 
the  mechanism  of  precipitation  were  diffusion  controlled. 

The  oxide  nuclei  grow  predominantly  laterally  on 
the  surface  of  the  metal  with  only  a  slight  increase  in 
thickness  with  time.  The  kinetic  data  during  this  growth 
period  indicate  that  the  rate  controlling  process  is  the 
same  as  in  the  induction  period.  Electron  diffraction 
data  show  that  an  adsorption  structure  is  present  on  the 
surface  between  the  oxide  nuclei..  The  oxygen  uptake 

h 

follows  a  Q  '  =  kt  law.  This  results  from  the  fact 

that  the  oxidation  rate  is  proportional  to  the  fraction 
of  the  metal  surface  which  is  not  covered  by  oxide  nuclei. 
The  mechanism  of  the  growth  of  the  oxide  nuclei  probably 
involves  the  surface  diffusion  of  both  copper  and  oxygen 
atoms  on  the  adsorption  structure  between  the  nuclei. 
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grow  together  to  form  a  continuous  oxide  film.  The 
mechanism  of  growth  now  becomes  one  of  bulk  diffusion 
through  the  oxide  and  a  parabolic  rate  law  is  obtained. 
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